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Photovoltaic Module Progress
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Flat or non-concentrating module prices have dropped
as module efficiencies have increased. Prices are in

1985 dollars for large quantities of commercial products.
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Typical module lifetimes were less than 1 year but

are now estimated to be greater than 10 years.
(fen-year warranties are now available,)

1986

Technology advancement in crystalfine silicon solar cells

and modules (non-concentrating).

Union Carbide Corporation (UCC) funded the now

operational silicon refinement production plant with

1200 MT/year capacity. DOE/FSA-sponsored efforts

were prominent in the UCC process research

and development.

The dutomated machine interconnects solar cells

and places them for module assembly. The second-

generation machine made by Kulicke and Soffa was

cost shared by Wesbnghouse Corporation and DOE/FSA

II

More technology advancements of the

cooperative industry/university/
DOE/FSA efforts are shown on the

inside back cover. Use of modules in

photovoltaic power systems are shown
on the outside back cover.

A Block I module (fabricated in 1975), held in front of four

Block V modules, represents the progress of an 11-year effort.
The modules, designed and manufactured by industry to FSA

specifications and evaluated by FSA, rapidly evolved during

the series of module purchases by DOE/FSA
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Abstract

The Flat-Plate Solar Array (FSA) Project, funded by the U.S. Government and managed by the Jet Propulsion
Laboratory, was formed in 1975 to develop the module/array technology needed to attain widespread terrestrial use
of photovoltaics by 1985. To accor_plish this, the FSA Project established and managed an Industry, University, and
Federal Government Team to perform the needed research and development.

The goal of the Silicon Material Task, a part of the FSA Project, was to develop and demonstrate the technology for
the low-cost production of silicon of suitable purity to be used as the basic material for the manufacture of terrestrial
photovoltaic solar cells. To be compatible with the price goals of the FSA Project, the price of the produced silicon
was to be less than $10/kg (in 1975 dollars).

Summarized in this document are 11 different processes for the production of silicon that were investigated and
developed to varying extent by industrial, university, and Government researchers. The silane-production section of
the Union Carbide Corp. (UCC) silane process was developed completely in this program. Coupled with Siemens4ype
chemical vapor deposition reactors, the process was carried through the pilot plant stage. The overall UCC process
involves the conversion of metallurgical-grade silicon to silane followed by decomposition of the silane to purified
silicon. Production of very high-purity silane and silicon was demonstrated. Although it has as yet not achieved com-
mercial application, the development of fluidized-bed technology for the low-cost, high-throughput conversion of
silane-to-silicon has been demonstrated in the research laboratory and now is in engineering development.

A 100-MT/year pilot plant has been in operation since 1983, a 1200-MT/year commercial silane production plant
started operation in 1985, and a second 1200-MT/year plant is being checked out and will start up in 1987. A third,
larger plant with fluidized-bed reactors (FBRs) for silicon production is scheduled to be operating before the end of
this decade. The semiconductor-grade silicon produced in these three plants, all funded by UCC, will constitute about
one-third of the world production of silicon for all semiconductor devices.

An economic estimate of the cost of producing silicon by the complete UCC process incorporating FBR tech-
nology is $16.05/kg (1985 dollars). This results in a price of $25.13/kg that includes a 20% return-on-investment. The
goal of the Task was a price of $18.62/kg. The estimate was made by combining a calculation for the conversion of
silane-to-silicon using FBRs with the Lamar analysis (see Section V.D.). The Lamar analysis was modified by deletion
of the production section for the use of free-space reactors and melters. It must be kept in mind that these figures are
not exact, but are the most recent preliminary chemical engineering estimates.

The other process developments are described to the extent that they were supported by the Project. Some pro-
cess developments have continued to be developed under private sponsorship.

Studies are reported on the effects of impurities in silicon on both silicon-material properties and on solar cell per-
formance. These studies yielded extensive information and models for relating specific elemental concentrations to
levels of deleterious effects.
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Foreword

Throughout U.S. history, the Nation's main source of energy has changed from wood to coal to petroleum. It is
inevitable that changes will continue as fossil fuels,are depleted. Within a lifetime, it is expected that most U.S. energy
will come from a variety of sources, including renewable energy sources, instead of from a single type of fuel. More
than 30% of the energy consumed in the United States is used for the generation of electricity. The consumption of
electricity is increasing at a faster rate than the use of other energy forms and this trend is expected to continue.

Photovoltaics, a promising way to generate electricity, is expected to provide significant amounts of power in years to
come. It uses solar cells to generate electricity directly from sunlight, cleanly and reliably, without moving parts.
Photovoltaic (PV) power systems are simple, flexible, modular, and adaptable to many different applications in an
almost infinite number of sizes and in diverse environments. Although photovoltaics is a proven technology that is
cost-effective for hundreds of small applications, it is not yet cost-effective for large-scale utility use in the United
States. For widespread economical use, the cost of generating power with photovoltaics must continue to be
decreased by reducing the initial PV system cost, by increasing efficiency (reduction of land requirements), and by
increasing the operational lifetime of the PV systems.

In the early 1970s, the pressures of the increasing demand for electrical power, combined with the uncertainty of
fuel sources and ever-increasing prices for petroleum, led the US Government to initiate a terrestrial PV research and
development (R&D) projecL The objective was to reduce the cost of manufacturing solar cells and modules. This
effort, assigned to the Jet Propulsion Laboratory, evolved from more than a decade-and-a-half of spacecraft PV power-
system experience and from recommendations of a conference on Solar Photovoltaic Energy held in 1973 at Cherry
Hill, New Jersey.

This Project, originally called the Low-Cost Solar Array Project, but later known as the Flat-Plate Solar Array (FSA)
Project, was based upon crystalline-silicon technology as developed for the space program. During the 1960s and
1970s, it had been demonstrated that photovoltaics was a dependable electrical power source for spacecraft. In this
time interval, solar-cell quality and performance improved while the costs decreased. However, in 1975 the costs were
still much too high for widespread use on Earth. It was necessary to reduce the manufacturing costs of solar cells by a
factor of approximately 100 if they were to be a practical, widely used terrestrial power source.

The FSA Project was initiated to meet specific cost, efficiency, production capacity, and lifetime goals by R&D in all
phases of flat-plate module (non-concentrating) technology, from solar-cell silicon material purification through verifica-
tion of module reliability and performance.

The FSA Project was phased out at the end of September 1986.
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FSA Project Summary

The Flat-Plate Solar Array (FSA) Project, a Government-sponsored photovoltaic (PV) project, was initiated in

January 1975 with the intent to stimulate the development of PV systems for economically competitive, large-
scale terrestrial use. The Project's goal was to develop, by 1985, the technology needed to produce PV modules

with 10% energy conversion efficiency, a 20-year lifetime, and a selling price of $0.50/Wp (in 1975 dollars). The
key achievement needed was cost reduction in the manufacture of solar cells and modules.

As manager, the Jet Propulsion Laboratory organized the Project to meet the stated goals through research and
development (R&D)in all phases of fiat-plate module technology, ranging from silicon-material refinement through
verification of module reliability and performance. The Project sponsored parallel technology efforts with periodic pro-
gress reviews. Module manufacturing cost analyses were developed that permitted cost-goal allocations to be made
for each technology. Economic analyses, performed periodically, permitted assessment of each technical option's
potential for meeting the Project goal and of the Project's progress toward the National goal. Only the most promising
options were continued. Most funds were used to sponsor R&D in private organizations and universities, and led to
an effective Federal Government-University-Industry Team that cooperated to achieve rapid advancement in PV
technology.

Excellent technical progress led to a growing participation by the private sector. By 1981, effective energy conser-
vation, a leveling of energy prices, and decreased Government emphasis had altered the economic perspective for
photovoltaics. The U.S. Department of Energy's (DOE's) National Photovoltaics Program was redirected to longer-
range research efforts that the private sector avoided because of higher risk and longer payoff time. Thus, FSA con-
centrated its efforts on overcoming specific critical technological barriers to high efficiency, long life, reliability, and
low-cost manufacturing.

To be competitive for use in utility central-station generation plants in the 1990s, it is estimated that the price of
PV-generated power will need to be $0.17/kWh (1985 dollars). This price is the basis for a DOE Five-Year Photo-

voltaics Research Plan involving both increased cell efficiency and module lifetime. Area-related costs for PV utility
plants are significant enough that flat-plate module efficiencies must be raised to between 13 and 17%, and module
life extended to 30 years. Crystalline silicon, research solar cells (non-concentrating) have been fabricated with more
than 20% efficiency. A full-size experimental 15% efficient module also has been fabricated. It is calculated that a

multimegawatt PV power plant using large-volume production modules that incorporate the latest crystalline silicon
technology could produce power for about $0.27/kWh (1985 dollars). It is believed that $0.17/kWh (1985 dollars) is
achievable, but only with a renewed and dedicated effort.

Government-sponsored efforts, plus private investments, have resulted in a small, but growing terrestrial PV in-
dustry with economically competitive products for stand-alone PV power systems. A few megawatt-sized, utility-
connected, PV installations, made possible by Government sponsorship and tax incentives, have demonstrated the
technical feasibility and excellent reliability of large, multimegawatt PV power-generation plants using crystalline sili-
con solar cells.

Major FSA Project Accomplishments

• Established basic technologies for all aspects of the manufacture of nonconcentrating, crystalline-silicon PV
modules and arrays for terrestrial use. Module durability also has been evaluated. These resulted in:

• Reducing PV module prices by a factor of 15 from $75/Wp (1985 dollars) to $5NVp (1985 dollars).
• Increasing module efficiencies from 5 to 6% in 1975 to more than t5% in 1985.

• Stimulating industry to establish 10-year warranties on production rnodules. There were no warranties in 1975.

• Establishing a new, low-cost high-purity silicon feedstock-material refinement process.

• Establishing knowledge and capabilities for PV module/array engineering/design and evaluation.

• Establishing long-life PV module encapsulation systems.

• Devising manufacturing and life-cycle cost economic analyses.

• Transferred technologies to the private sector by interactive activities in research, development, and field
demonstrations. These included 256 R&D contracts, comprehensive module development and evaluation efforts,
26 Project Integration Meetings, 10 research forums, presentations at hundreds of technical meetings, and ad-
visory efforts to industry on specific technical problems.

• Stimulated the establishment of a viable commercial PV industry in the United States.
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Silicon Material Summary

The objective of the Silicon Material Task was to develop processes capable of large-scale production of
polysilicon,* suitable for the fabrication of photovoltaic (PV) solar cells, at costs commensurate with a market price of
less than $10/kg (1975 dollars). The efforts,, involving teams of scientists and engineers under contract, consisted of:

(1) Research and development of 11 alternative processes (Table I).

(2) Support activities in the areas of chemical engineering, economic analyses, and material characterization
('Table II).

(3) Investigations of the effects of impurities on the performance of solar cells used for evaluating process purification
requirements and economics (Table Ill).

The process development phases were:

(1) Demonstration of technical feasibility of processes by studies using small-scale, primary process reactors.

(2) Characterization of operating conditions of scaled-up process units, assessment of process production and
economic potentials, determination of steady-state operating conditions of integrated sections of process equip-
ment, and optimization analyses.

(3) Establishment of operating capabilities of complete processes in pilot plants.

(4) Operation of large-scale production plants.

As calculated from various U.S. Department of Energy projections for the PV solar cell industry, several modifications
of the Task program and schedule were formulated to meet perceived modified demands for polysilicon production. The
basic program, leading to a large-scale production plant in 1986, remained the Task's guideline, until funding restrictions,
beginning in 1981, forced the deletion of the iarge-scale production plant phase and limited the scope of the program to the
development and pilot plant demonstration phases.

Table I. Process Development Contractors

Process Contractor Start End

Zn/SiCI 4 fluidized bed

Sill 4

Na/SiF 4 chemical vapor transport

SIO2/C thermal plasma

Na/SiF 4 gas phase reaction

Non-equilibrium plasma jet

SiO2/C direct arc furnace

Na/SiCI 4 arc heater

Na/SiCI 4 flame

Bomosilane fluidized bed

SiH2CI 2 CVD

Battelle Columbus Laboratory 10/75 1/81

Union Carbide 10/75 4/86

Motorola 2/76 10/79

Texas Instruments 2/76 1/77

SRI International 6/76 2/80

Aerochem Research Lab 7/76 10/78

Dow Coming 7/76 10/78

Westinghouse Electric 10/76 12/79

Aerochem Research Lab 5/77 2/81

J.C. Schumacher 10/77 11/78

Hemlock Semiconductor 10/79 5/83

* The term "polysilicon" as used in this report refers to high-purity, polycrystalline silicon.
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Table II. Support Programs Process Developments

Contract Title Contractor Start End

Studies of Process Economics

Hydrochlorination of mg-Si

Particle growth from Sill 4 in a
free-space reactor

Studies of process economics

Hydrochlorination of mg-Si

Model of Sill 4 - fluidized-bed reactor

Radiantly heated fluidized bed

Lamar University

Massachusetts Institute of
Technology

California Institute of Technology

Texas Research and

Engineering Institute

Solarelectronics

Washington University at St. Louis

Oregon State University

10/75 2/81

3/79 4/81

9/80 1/86

5/81 7/82

7/81 4/83

12/83 12/84

9/82 8/83

Table III. Studies of Impurity Effects

Contract Title Contractor Start End

Determination of definition of solar- Monsanto 10/75 9/76

grade silicon

Effects of impurities and processing 10/75 2/82
on silicon solar cell performance

Lifetime and diffusion length 12/76 11/77
measurements

Measurements of impurity effects 2/77 12/77

Effects of impurities on silicon solar 2/77 --
cell performance

Composition analyses of doped 4/77 1/79
silicon

Composition measurements by 10/78 9/79
photon catalysis

Measurements of effects of impurities 1/79 1/80

NAA measurements of doped silicon 8/83 9/85

Westinghouse Research Center

Northrup Research Center

Spectrolab

C.T. Sah Associates

National Bureau of Standards

Aerospace

Solarex

Lawrence Livermore Lab

Key Accomplishments

The major success of the Task activities was the complete demonstration of steady-state silane production in the
Union Carbide Corp. (UCC) silane process in a 100-MT/year Experimental Process System Development Unit (EPSDU). An
EPSDU is the equivalent of a pilot plant. Based on EPSDU technology, a 1200-MT/year plantl funded by UCC, began oper-
ation in 1985; the second 1200-MT/year plant is projected to be in operation in 1987. The silane and polysilicon products
of these plants have been shown by analyses to be purer than semiconductor grade. The silane will meet a growing
demand for feedstock for the fabrication of amorphous silicon devices as well as for other purposes.
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ThemostrecentUCCestimate(in1985dollars)fortheconversionofsilane-to-siliconbyfluidized-bedreactors(FBRs)
isbasedupontheuseoffourquartz-lined,12-in.-diameterFBRsina1000-MT/yearplant.Thecalculationyieldedanincre-
mentalproductcostof$6.10/kgofsiliconandapriceat30%discountedcashflowof$10.26/kgsilicon.TheFBRsection
oftheplantrequiresatotalinvestmentof$7.2M,andanannualoperatingcostof$5.53M.

Toobtainanestimateoftheoverallproductcost,thesedatawerecombinedwiththeearlyeconomicanalysispre-
paredbyLamarUniversityinvestigators(seeSectionVD.).TheLamaranalysiswasmodifiedbythedeletionofthecosts
fortheconversionofsilanetomoltensiliconintheprocessthatusesfree-spacereactors.A calculation,usingtheUCC
silane-to-siliconFBRdataandthemodifiedLamaranalysis,resultsinestimatedoverallproductcostsof$8.73/kgsilicon
(1975dollars)and$16.05/kgsilicon(1985dollars).Thecorrespondingpricesthatincludea20%return-on-investmentare
$13.66and$25.13/kg,respectively.Itmustbekeptinmindthatthesefiguresarenotexact,butarethemostrecent
preliminarychemicalengineeringestimates.

Thesilane-to-siliconconversionunitsintheseUCCinstallationsareSiemens-typeChemicalVaporDeposition(CVD)
reactors,thatarenotcapableofthehigh-throughput,low-energy-useoperationneededforthelow-costproductionof
polysilicon.Thus,thesilane-to-siliconconversion,usingaFBR,wasdevelopedtoattaintheabovementioneddesirable
productioncharacteristics.ThisFBRresearchanddevelopment(R&D)wasdoneincollaborativeprogramsin thelabora-
toriesoftheJetPropulsionLaboratory(JPL)andUCC.AtJPL,thesilaneconcentrationlimitforsilicondepositionwas
extendedin theFBRoperation,mostexperimentsbeingdoneinthe40to60%range;sometimesconcentrationsof80
and100%wereused.Thereactoroperationwascontrolledtoobtainaconversionefficiencyofessentially100%,with
90%depositionontheseedparticlesinthebedwhilelimitingtheelutriationlossoffineparticlestolessthan10%.The
maximumproductionratewas3.5kg/h,andaproductremovalrateof 3kg/hwasdemonstrated.Anempiricaldeposi-
tionmodelalsowasformulated.AcomputermodelofthesilaneFBRwasdevelopedundercontractatWashington
UniversityatSt.Louis.

Themainobjectivein theUCCprogramwastoobtainadatabaseforanengineeringdesign.Manylong-termruns,
rangingupto80h,weresuccessfullyconductedusingsilanefeedconcentrationsbetween20and25%.Thedeposition-
efficiencydatawereapproximatelythesameasobtainedatJPL.Theseresultsledtopreliminarydescriptionsofthe
reactordesignandtheoperatingconditionsfora large-scaleproductionreactor.

Varyinglevelsoftechnologicalmaturitywereobtainedintheotherprocess-developmentcontractsoftheTask.In
somecases,partialtechnicalsuccesswasachievedwithcollectionsofdataformaterialpropertiesandforreaction
kineticsandyields,orwithreactordesigns,orwiththeoperationofsmallprocessdevelopmentunits.Themostsuc-
cessfulofthesedevelopmentshavebeenadvancedfurtherwithnon-Governmentfundingaftercontractsforthemwere
deletedfromtheTask.Thesedevelopmentsare:

(1) Dichlorosilane-CVDprocessbyHemlockSemiconductor.A higherthroughputandyieldata lowerenergyuse
comparedtoconventionalSiemenstrichlorosilaneprocessweredemonstratedundertheJPLcontract.

(2) Gas-PhaseSodiumReductionofSiliconTetrachlorideProcessbyAerochemResearchLaboratories.Continued
developmentatAeroChemResearchlaboratoriesandUniversalSiliconhasresultedinincreasedsiliconpurity
andthroughputforthisverylowenergy-useprocess.

(3) CarbothermicReductionofSilicainanArcFurnacebyDowComing.Improvementsinpuritylevelsandlarge-
scalemetallurgicalreactionshavebeenobtainedincontinueddevelopmentsbyElkem-Exxon,Solarex,and
Elkem.

(4) Sodium-ReductionofSiliconTetrafluoridebySRtInternational.Materialandsolarcelldataindicatingimproved
productpurityhavebeenreported.

(5) BromosilaneProcessbyJ.C.Schumacher.Plansfortheinstallationofapilotplantandthedesignofaproduc-
tionplantwereannouncedbySchumacherin1985.

TheR&Deffortstofullydeveloptheseprocesseswithprivatefundingshowtechnologytransferhastakenplace
fromtheTasktoindustry.

ExtensivestudiesoftheeffectsofimpuritiesoncellperformancebytheWestinghouseResearchCenterandPro-
fessorC.T.Sah,alongwithsupportingeffortsforcellevaluationsandmaterialcharacterization,haveprovidedalarge
bodyof informationandmodelsforrelatingspecific,impurity-elementconcentrationstolevelsofdeleteriouseffectson
cellperformance.Impurityeffectswereshowntobespecies-dependentwiththegroupoftantalum,zirconium,molybde-
num,tungsten,niobium,vanadium,andtitaniumcausingdegradationsof5to10%incellperformanceatconcentrations
of 10-6to10-5ppma.Increasedsensitivityto impuritieswasfoundforcellswithhigh-basediffusionlengthsandforhigh-
efficiencycells.Topreventsinglecrystalstructurebreakdownduringgrowth,theallowabletotalimpurityconcentration
in thesiliconfeedstockisrequiredtobeintherangeof 200to500ppma.Thetolerabletotalimpurityconcentration,
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beingdependentonthecrystalgrowthprocedure,mustbeselectedtosuitthespecificgrowthprocesswhileconcur-
rentlytakingintoaccountthedesiredsolarcellenergyconversionfactorandtheeffectsofparticularelements.Concen-
trationsof boronandphosphorusalsomustbetightlycontrolled,becausetheyieldofusablecrystalwiththedesired
resistivityrangedependsdirectlyoninitialconcentrationsoftheseelements.

Thus,thesestudiesdemonstratedthatseparatedefinitionsofasolar-cell-gradepolysiliconmaterialarerequiredto
meetspecificconditions.Ananalysismustbedonetotakeintoaccounttheeffectsofspecificelements,oftotalimpurity
concentration,of boronandphosphorusconcentrations,andofcrystalandcellprocessingprocedures.Thesemust
bebalancedwithdesiredcellperformancecharacteristicsandeconomics.Experimentalandtheoreticalresultsfrom
thisprogramhavebeenusedworldwidebygroupsdevelopingpolysiliconprocesses,bycommercialpolysiliconpro-
ducersandbythePVsolarcellindustry.

ThemainTaskprogramwassupportedby:

(1) ContractualeffortswithprivateandGovernmentlaboratories.

(2) Consultantswhoarerecognizedauthoritiesintheirfieldsofexpertise(TableIV).

(3) Chemicalengineeringandeconomicanalyses.

(4) Impurityconcentrationmeasurements.

(5) In-depthprocessassessments.

TheJPLgroupalsowasactiveinthesetechnicalareas.Theinformation,conclusions,andinnovationsderivedin
theTaskprogramhavehadaworldwideeffectonR&Dactivitiesandpolysiliconproductionplans.

Table IV. Consultants

Chlorosilane and Silane Chemistry

Dr. D. Bailey, Consultant

Chemical Engineering

Dr. T. Fitzgerald, Oregon State University (TRW)*

Professor S. Friedlander, California Institute of Technology (University of California at Los Angeles)*

Dr. D. Roberts, California Institute of Technology (SRI International)*

Professor O. Levenspiel, Oregon State University

Professor C. Yaws, Lamar University

Solid State Physics

Professor C.T. Sah, University of Illinois

* Present affiliation.

Technology Still Required to Achieve Task Goal

The Task goal will be achieved upon completion of a silane-FBR development that demonstrates the production
practicality of the UCC Silane Process. An engineering design must be obtained of a FBR capable of yielding semi-
conductor grade silicon in a high-volume throughput with low energy-use and low-cost operation. This will require:
(1) solutions of the main technical problems of the preparation of pure seed particles, (2) the prevention of contamina-
tion during deposition, and (3) the capability for long-term, steady-state operation.

The Task goal may also be reached if production practicality is demonstrated for any of the former Task process
developments that now are being developed further. These require varying levels of continued development.
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SECTION I

Introduction

A. OBJECTIVE AND GOALS OF THE SILICON
MATERIAL TASK

In 1975, under contract to the U.S. Government,

the Jet Propulsion Laboratory (JPL) had formed the
Low-Cost Silicon Solar Array (LSSA) Project to develop
the technology needed to achieve widespread terres-

trial use of photovoltaic (PV) solar arrays by 1985. The
Project's name was later changed to the Flat-Plate Solar
Array (FSA) Project. The JPL-managed FSA Project was
a cooperative effort of industrial, university, and Govern-
ment scientists and engineers to attain the Project's
research and development (R&D) goals.

As part of the FSA Project, the Silicon Material
Task had as its objective the development and demon-
stration of the technology for the low-cost production
of silicon of a purity suitable enough to serve as the
basic material in the manufacture of PV solar cells for
terrestrial uses.

The three goals of the Silicon Material Task were
to develop processes for the production of silicon:

(I) Of a purity adequate for the manufacture of
single crystalline-silicon solar cells that meet
the requirements of the FSA Project.

(2) At a market price of less than $10/kg (in 1975
dollars). This is equivalent to a market price of
$19/kg (in 1985 dollars).

(3) In high-volume production plants (more than
1000 MT/year).

B. EFFORTS OF THE SILICON MATERIAL TASK

The Silicon Material Task consisted of three

primary activities:

(1) Development of low-cost processes for the
production of semiconductor-grade and solar
cell-grade (less pure) silicon.

(2)

(3)

Study of the effects of impurities in silicon on
material properties and the performance of
solar cells.

Carrying out theoretical and experimental

investigations ancillary to the efforts of (1) and
(2), above.

C. ORGANIZATION OF THE REPORT

Section I provides a description of the Task's pro-
grams and schedules, formulated in response to
changes in objectives and resources.

Section II describes the history, background, and

implementation of the Silicon Material Task Program.

Section III deals with the investigations of three
processes directed toward the goal of producing low-
cost semiconductor-grade silicon.

Section IV consists of descriptions of eight sepa-
rate process developments with the goal of producing
low-cost solar-grade silicon, which is less pure than
semiconductor-grade silicon, but suitable for meeting
the Project's energy conversion efficiency goal.

Section V describes the chemistry, chemical
engineering, and economic studies supporting the
primary process development efforts.

Section Vl consists of descriptions of efforts to
determine the effects of impurities on the properties of
silicon and on the energy conversion efficiency of solar
cells. This information was intended to form the basis

for analyses of the requirements for purification units
and the associated economics for specific processes.

Section VII deals with the research efforts carried
out at JPL. This research was in the areas of chemical

engineering and of silicon material properties.

A summary of the Task program is given in Sec-
tion VIII.

Publications that describe the results of the Task

efforts are listed in Appendix A.





SECTIONII

History, Background, and Implementation
the Silicon Material Task Program

of

A. SOLAR ENERGY CONFERENCE AT CHERRY

HILL, NEW JERSEY

The Conference on Photovoltaic Conversion of

Solar Energy for Terrestrial Applications was held in
October 1973 at Cherry Hill, New Jersey. One of the
recommendations adopted by the Single-Crystal
Silicon Solar Cell Workshop at the conference was to
initiate a program to develop a low-cost process for
the production of potysilicon. The program eventually
was to lead to the installation of a commercial plant to
produce polysilicon.

B. SCHEDULE FOR THE SILICON MATERIAL TASK

In January 1975, the FSA Project began at JPL
under its original name of the Low-Cost Silicon Solar
Array (LSSA) Project. As one of the five technical
tasks of the FSA Project, the Silicon Material Task
originally had the following schedule:

(1) By end of FY 76: to define the process to pro-
duce polysilicon.

(2) In FY 79: to have an operating pilot plant.

(3) In FY 83: to have a large-scale, operating, pro-
duction plant.

By February 1975, the schedule for (1), (2), and
(3), above, was delayed 1 year to FY 77, 80, and 84,
respectively.

In January 1975, JPL sent a letter of interest
describing specific R&D efforts and program phases to
universities, research laboratories, and industry. At
that time, the Silicon Material Task was divided into
the following four phases (Table 1):

(1) Phase 1 : Evaluation of technical problems and
potential capabilities of proposed candidate
processes. Selected processes were to be
characterized by experimental studies. To deter-
mine the effects of impurities on material proper-
ties and solar cell performance, a subtask to

establish specifications for solar-cell-grade sili-
con was to be carried out concurrently.

(2) Phase 2: Extensive experimental investigations
to be carried out with scaled-up reactors.

(3) Phase 3: Pilot plants to be installed, based
upon those processes selected as having the
highest potential.

(4) Phase 4: Construction and operation of large-
scale, commercial production plants.

Table I. Task Structure

Process developments
Phase I : Technical feasibility

Phase II : Scale-up experiments
Phase II1: Experimental process system

development units
Phase IV: Large-scale production plants

Process developments: supporting subtasks
Effects of impurities
Materials of construction

Composition analyses
Economic analyses
Theoretical and experimental chemistry
In-house experimental program
JPL analysts
Consultants

Chemical processing
Chemical engineering
Solid state physics

C. IMPLEMENTATION OF THE SILICON MATERIAL
TASK

These considerations led to construction of a

10-year Silicon Material Task program based on the
development of production processes for both
semiconductor-grade and solar-cell-grade silicon.

Because of the constraint to have a large-scale
plant on-stream by mid-1984, the schedule committed
only 12 months to determine process feasibility. The
period for obtaining and analyzing scale-up data was
given 18 months, and pilot plant design and construc-
tion was allotted 2-1/4 years. The decision on which a
specific process was to be used in the large-scale plant
was set for October 1981, with the plant's completion in
August 1984.

However, at the request of the Energy Research
and Development Administration (ERDA) to arrange for
increased polysilicon production earlier than had been

planned previously, the Task program was modified in
May 1977 to accelerate the schedule to ensure addi-
tional polysilicon availability from 25-MT/year experi-
mental production facilities to be operational in Jan-
uary 1981. The revised schedule, requiring the diver-
sion of technical effort and resources, forced a delay
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until June 1986 for the milestone to have an opera-
tional large-scale production plant. Table 2, in which
the production goals of the accelerated plan are com-
pared to the basic Task plan, shows the effects of vari-
ous Government plans on the estimates of polysilicon
requirements for the U.S. PV solar cell industry. Incre-
mental increases in polysilicon requirements were cal-
culated on the basis of a solar cell production schedule
of 4 MW in FY 79, 8 MW in FY 80, t5 MW in FY 81,
and 25 MW in FY 82, using the assumption of 12% effi-
cient arrays, 0.025-cm-thick cells, 100 mW/cm2 incident
power, and an overall 40% silicon utilization in array
fabrication.

In June 1977, a critical review of the Task program
and of the general problems that could be encountered
in developing new polysilicon processes was held. The
group of experts consisted of Dr. Don Bailey of Union
Carbide Corp. (UCC), Dr. John BIocher of Battelle Col-
umbus Laboratories, Professor Thomas Fitzgerald of
Oregon State University, Dr. Henry Gutsche of Monsanto,
Dr. Lee Hunt of Dow Coming, Dr. Erhard Sirtl of Wacker-
Chemitronic, and Professor Carl Yaws of Lamar Univer-

sity. The Project was represented by John Goldsmith
(Deputy Project Manager), Dr. George Hsu, and Dr. Ralph
Lutwack (Silicon Material Task Manager).

The review discussions dealt with the following
topics:

(1) Potential usefulness of the Siemens Process
technology for low-cost polysilicon production.

(2) Estimates of production requirements to meet
the needs of the Project's program.

(3) Possible use of material less pure than

semiconductor-grade silicon for PV solar cells
for terrestrial applications.

(4) Probable technical advantages of the new pro-
cesses currently being developed in the Task
program.

(5) Structure of the Task program.

The following general conclusions were defined:

(1) The Task program plan was appropriate for

meeting the Task's objectives.

(2)

(3)

(4)

The Project's economic goals could not be
met by a process that incorporated chemical
vapor deposition (CVD) reactors.

Results derived from studies on impurity
effects should be disseminated quickly to the
silicon technical community.

Materials of construction should be investigated

separately in the Task program, because serious
problems were likely to occur in different chemi-
cal regimes. The group concurred in the desire
to have similar meetings in the future and to
invite a wider attendance.

D. CHANGES IN THE SCHEDULE TO ACCELERATE
PRODUCTION OF POLYSILICON

A much more intense schedule for producing poly-
silicon for an interim period covering FY 80 through
FY 83 resulted from the goals of the U.S. Department
of Energy (DOE) Plan of 1979. The preliminary Task
plan to meet these goals (see Table 2) necessitated
the addition of a subprogram for the development of the
technology and the installation of production facilities
to provide po:ysilicon for the interim demands while
maintaining the basic Task program geared to the
1 986 objective of installed 6000-MT/year capacity.
Because the common, conservative chemical engi-
neering approach undoubtedly was not applicable for
the precipitous build-up of production capacity based
on untried processes, opinions were solicited from the
technical managers of some of the process development
contracts. Concepts and proposed plans for accelerated
schedules were discussed in joint meetings of DOE, JPL,
and the managers of the Battelle, Dow Coming, UCC,
and Westinghouse contracts.

One of the contractors proposed a very conserva-
tive plan involving the meeting of short term (1982)
needs by buying polysilicon at the current prices and
stockpiling to meet future demands. To meet the needs
for the intermediate period of 1981 to 1986, the pro-

posed solution was to modify and optimize the trichloro-
silane (SiHCI3i-Siemens process, enabling an estimated
polysilicon cost of $30 to $38/kg (1975 dollars). Long-
term needs beyond 1986 were to be met either by the
installation of a newly developed process with a pro-
jected cost ($10/kg, or by a radically modified SiHCI 3-
Siemens process with a projected cost of about $25/kg

Table 2. Projected Requirements For Sificon (metric ton�year)

FY 78 79 80 81 82 83 84 85 86 87 88

Task Plan a 3.6 78 12 14 36 48,

Accelerated Plan a t 8 48 96 180 300

Marvin Plan a 240 480 900 150(._

McCormack Bill b 47 89 167 312 58.3

6000

1080 2000 3665 6670 12000

aCatculated on the basis of 12% energy conversion efficiency, 0,025-cm-thick cells, 0 1-w,'cm2 incident power, and 40% silicon utilization.

bCatculated using a linear decrease in metric lons/MW from December 1 to June 1. FY 7!! through FY 88. Silicon production in FY 88 to

meet 2000 MW produced in FY 88. Array production doubled each year through FY £8



('1975 dollars). A 500- to 1500-MT/year plant using modi-
fied Siemens technology was projected to be operational
in 1982 and a 3000-MT/year plant would be in operation
in 1986 if an accelerated program was implemented.
The schedule projections for plants based on new tech-
nology were for 300- to 1500-MT/year capacity by late
1982 and for 3000-MT/year capacity by early 1985.

A second contractor proposed two plans:

(1) Production units for a process under develop-
ment were to be placed on-stream incrementally
and periodically so that capacities of 100 MT/year
in 1980, 500 MT/year in 1981, and 1000 MT/year
in 1982 would be attained. The estimated aver-

age cost of the produced silicon was $14/kg,
and the 1000-MT/year plant was estimated at
$10/kg ('1975 dollars).

(2) The concurrent operation of five 100-MT/year
plants was to be used to produce 500 MT/year
of silicon at an estimated $32/kg (1975 dollars).

Four sizes of plants were incorporated into the

plan proposed by a third contractor. After early pro-
cess verification in December 1979, a 250-MT/year
facility would be in operation by December 1980
followed by 500 MT/year in December 1981. Large-
scale plants of 1000-MT/year and 1500-MT/year
capacities would then be designed, installed, and
operated by December 1982 and December 1983,
respectively. Product cost estimates ($/kg) for 500-,
1000-, 1500-, and 3000-MT/year plants were given as
$13.60, $9.75, $8.40, and $7.20 (1975 dollars),
respectively.

A fourth contractor discussed three accelerated

schedules involving a comprehensive chemical engi-
neering analysis. Each schedule would lead to less
certain, higher risk, process designs and programs
because of the sacrifice of a conservative database for

the process design. Although successful production of
polysilicon was likely in each case, production under
non-optimized conditions would be less efficient in
material and energy uses as well as leading to lower
product yield and higher product cost. The three
proposed options were:

('1)

(2)

A so-called aggressive schedule would enable

an operational start of a 1500-MT/year plant at
the first of 1985 rather than early 1986. This
would involve saving time because of a
shorter procurement period and would have
the experimental operation of the 25-MT/year
(or 50-MT/year) Process System Development
Facility (PSDF) be concurrent with the effort to
design the large plant.

A so-called accelerated schedule, in which the
activities for the design, detailed engineering,
procurement, fabrication, and construction of
the PSDF and the large-scale plant would run
nearly concurrently. This would allow a pro-
duction start of 600 MT/year in 1982 and
1500 MT/year in 1983.

('3) A non-PSDF program, in which the develop-
ment of major units of the process would be
continued instead of installing the PSDF. This
is a process development approach that some-
times is used commercially, keeping in mind that
the elimination of PSDF data for steady-state
operation may result in increased risk for suc-
cessful operation of the large-scale plant. This
specific variation of an accelerated schedule
option would likely allow a 1500-MT/year plant
to be operating by 1983.

These accelerated schedules should be compared
with the basic 1977 Task schedule: design start for the
PSDF in January 1978, 1-1/2 years of operation of the
PSDF, and design-start of the 6000-MT/year plant for
June 1982 with operation in June 1986.

Another Task plan was devised to conform to the
requirements of the congressional McCormack bill.
This bill mandated a yearly doubling of solar cell array
production starting with 4 MW in FY 79 and increasing
to 12000 MW in FY 88 (see Table 2 and Figure 1).
The required polysilicon production was calculated
('see Table 2) based on a linear decrease in polysilicon
utilization from 12 MT/MW to 6 MT/MW during this
period as a consequence of improved sheet and cell
fabrication technology. The revised plan, shown in
Figure 1, discloses the stringent schedule, especially
for the process and pre-experimental process system
development units (EPSDU) stages. The very large
risks inherent in this plan were strong arguments
against its adoption in the Task program.
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Figure 1. Proposed Program to Meet McCormack Bill

Restructuring of the Task took place in mid-1978
when the concept that the price reduction goal could
not be reached by economies-of-size or evolutionary
modifications of the conventional Siemens process
had been substantiated by an economic analysis by
Lamar University.

E. PROCESS CONTRACTS AWARDED BASED
UPON TECHNOLOGICAL MATURITY

After an analysis comparing the development
status of each of the process contracts with the Task

schedule, the contracts were divided into two general



groupsbasedontheevaluationsofrelativetechno-
logicalmaturity.Inthefirstgroup,thebasicchemistry
studiesandmuchof thechemicalengineeringexperi-
mentalandanalysisphasehadbeencompleted,and
anambitiousscheduleforfull-scaleproductionplants
in1986wasconsideredtobeappropriate.Scale-up
investigationsfortheprimaryreactorunitsof thepro-
cesseswerealreadyunderwayto obtaindataforfur-
therchemicalengineeringandoptimizationcalcula-
tionsaswellasfordesignsof EPSDUs(sizedtoabout
100MT/year).Concurrently,calculationsandprelimi-
narydesignswerebeingdonefortheEPSDU.

ThedevelopmentsfortheSilaneProcessbyUCC,
andfortheZn-SiCI4 ProcessbyBattelleMemorial
Institutewereplacedin thefirstcategory.IntheSilane
Processeffort,eachoftheprocessstepsleadingto
high-puritysilane(Sill4)hadbeendevelopedtothe
stageenablingtheinitiationofpreliminaryprocess
designs.Datatobeusedfortheoptimizationandthe
finaldesignof theprocesswerebeinggathered.The
UCCcontractschedulewasdirectedtoachievingthe
mid-1986objectiveofanon-streamoperationofa
large-scaleproductionplant.A preliminaryeconomic
analysisbyUCCprovidedanencouragingcostvalue
of $7.80/kg(1975dollars)silicon,basedontheuseof
a free-spacereactor(FSR)toconvertsilanetosilicon.

TheimmediateobjectivesoftheBattelleZn-SiCI4
contractweretoincreasetheconversionefficiency
andto developacontinuousprocess.Whileconduct-
ingtheexperimentaldevelopment,apreliminarylarge-
scaleprocessdesignanddesignofa 50-MT/year
EPSDUwerecompleted.Projectionfromthecontract
scheduleindicateda 1985startfortheon-stream
operationofa large-scaleplant.Estimatesof thetotal
productcost,madebyBattelleandbyLamarUniver-
sity,rangedfrom$9.12to $9.50/kg(1975dollars)
siliconforaclosed-loopprocess.

ThesecondgroupofactivitiesintheTaskplancon-
tainedprocessdevelopmentsthathadthepotentialto
achievetheTask'sgoals,butwhichwereatarelatively
immaturestageoftechnologydevelopment.Inthese
cases,chemicalandchemicalengineeringdatawere
beingobtainedforthepurposeofdemonstratingtechni-
calfeasibility.Thesedevelopmentswerebeingcarried
outbyWestinghouse,DowComing,Motorola,Stanford
ResearchInstitute(SRI)International,andAeroChem
ResearchLaboratory.

The1978Taskplanproposeda sequenceofmile-
stonesforreducingthenumberof processesbeing
developedundercontractatdifferentstages.Thisplan
required:

(1) Sevenprocessdevelopmentsbecontinuedat
thestartof FY79.

(2)

(3)

Fourprocessesbeselectedtoproceedwith
EPSDUdesignsatthebeginningof FY80.

Thedesignandconstructionperiodsforthe
EPSDUsbeoverlappedallowingtheinterval

for thedetailedengineeringdesignstobecon-
currentwiththesitepreparationandearly
EPSDUconstruction.

(4) TheEPSDUoperationbeoverlappedwiththe
intervalforthedesignandfirststageof the
constructionoftwolarge-scaleproduction
plants.

(5) On-streamoperationof thelarge-scaleplants
takeplacebytheendofFY86.

If thedevelopmentsofthefirstgroupweresuc-
cessful,theschedulefortheBattelle50-MT/year
EPSDUwasto bethesecondquarterof FY81,and
theUCC100-MT/yearEPSDUwouldbethefirst
quarterof FY82.

TheproposedmodifiedTaskplan,formulatedin
responsetotheDOErequestto outlinethechanges
neededtomeetadjustedpolysiliconproductiongoals
fortheFY81toFY86period,includedanintact
primaryplantoachievetheFY86Taskobjective.
Therewasconsiderableuncertainty,however,asto
thecapabilityofanEPSDUtoproduceacceptably
uniform,pureproductfollowingthesuggestedproduc-
tionschedule.Theconflictstemmedfromtherecogni-
tionthattheexperimentalnatureof theEPSDUwas
unsuitableforcommercialproduction.TheEPSDU
wasintendedtosecureengineeringdatafordescrib-
ingsteady-stateoperatingconditions,foroptimization
calculations,andforprocessdesign.

Itseemedlikelythatsacrificesof productioneffi-
ciencywouldresultinloweryieldsaswellashigher
productioncostsandenergyuse.Also,thetechnology
developmentwouldbeatahigherriskasconsequences
of acceleratedproductionschedulesandconcomitant
decreaseddatabasesbeforeplantdesign.Toamelio-
ratethesedifficultiesinpreparingtheplan,production
efficiencyfactorswereappliedinthecalculationsof
theproductioncapacityvalues.Twooptionsofmodi-
fiedscheduleswereformulatedandproposed.Each
optioncontainedcontinuationsoftheprocessexperi-
mentalstudiesandofthevarioussupportingeffortsfor
impurity-effectstudies,ancillaryengineeringinvestiga-
tions,andconsultantanalyses.Thefirstoptionwas
basedontheuseof processesbeingdevelopedby
BattelleandUCC;thesizeoftheUCCEPSDUwas
increasedto250MT/year.TheWestinghouseprocess
wasincludedinthesecondoption,withthecapacity
oftheUCCEPSDUsetfor100MT/year.

F. THEEXPERIMENTALPROCESSSYSTEM
DEVELOPMENTUNITPROGRAM

Theprimaryobjectiveof theFY80planwasto
begintheEPSDUprogram.Theapproachincludedthe
followingefforts:

(1) Toconductcriticalreviewsofthetechnology
statusofcandidateprocesses.



(2) Toinitiatefabricationandprocurementactions
for EPSDUconstruction.

(3) TocontinueR&Dprogramsfortheoreticaland
experimentalstudiesof reactorsandsub-
systems.

(4) To operate process development units (PDUs)
consisting of integrated subsystems to charac-
terize the effects of equipment modifications
and operating parameters.

(5) To intensify the studies of impurity effects.

The budget limited the FY 80 Task program to two
EPSDUs. One EPSDU was for the UCC Silane Process.

R&D efforts to develop other processes to the EPSDU
stage were continued, although none of them could meet
the 1982 goal of Technical Readiness. At the start of

FY 80, developments were underway at Battelle,
Westinghouse, SRI International, Hemlock Semicon-
ductor Corp. (HSC), and AeroChem Research Labora-
tories. Developments at SRI and Westinghouse were
terminated during FY 80. Critical reviews of the com-
peting process developments were scheduled. The
Silane Process development was emphasized in the

Task program and was being supported by:

(1) An investigation of the hydrochlorination reactor
at the Massachusetts Institute of Technology
(MIT).

(2) Chemical engineering and economic analyses
at Lamar University.

(3) The JPL in-house modeling and experimental
studies of the continuous flow pyrolyzer (CFP)
and of the fluidized-bed reactor (FBR).

Research on the effects of impurities on cell per-
formance was continued by the Westinghouse Research
Center and Professor C.T. Sah.

FY 81 was to be the second year of the undertak-
ing for the Silane Process EPSDU. Key milestones for
this effort included the start of construction, the com-
pletion of the installation drawings package, the fabri-
cation and delivery of the major equipment, and a criti-
cal review of the FBR development. A sharp reduction

in the FY 81 FSA Project budget, however, severely
reduced the funding allocation for the EPSDU. In
March 1981, this forced the issuance of a series of
stop-work orders and revised work statements for the
Sill4 pyrolysis and silicon deposition investigations.
These actions were taken in efforts to maintain the

main EPSDU program. When further cut-backs were
enforced, however, it became obvious that the com-

pletion of the installation was not possible.

At this time, many activities of the EPSDU pro-
gram were either completed or were nearing comple-
tion: (1) the EPSDU process design package had been
completed; (2) the EPSDU site at East Chicago, Indiana,
had been prepared; (3) all of the equipment, except the

deposition reactor and a few minor items, had been
delivered; and (4) much of the major equipment had
been installed in the gantry. Only the mechanical instal-
lation and the electrical work remained to be done.

A series of meetings involving UCC, JPL, and DOE
were held to explore options for the UCC contract and
to devise a strategy to enable the completion of the
EPSDU program. The available information indicated
DOE funding for FY 82 and FY 83 would also be inade-
quate. Thus, because the EPSDU program could not be
completed without substantial cost-sharing by UCC,
the discussions centered on how to accomplish this.
The only mutually agreeable option obligated UCC to
complete the installation, to check it out, to start it up,
and to operate the EPSDU for at least 1 year. In return
for the transfer of the title of the EPSDU equipment to
UCC, the company would supply a final report describing
the modifications undertaken and the operation of the
facility for 1 year. Data for the silane-to-silicon conversion
step were not to be provided because a proprietary
deposition reactor, licensed from Komatsu Electronic
Materials, Inc., was to be used in the EPSDU. Under
this transfer-of-title arrangement, UCC was required to
pay all of the costs involved in the removal and ship-
ment of the equipment to the selected site at Wash-
ougal, Washington, in the restoration of the site at East
Chicago, Indiana, and in the installation and operation
of the EPSDU. The FSA Project agreed to continue
funding of FBR development. A careful JPL analysis
indicated this arrangement would oblige UCC to spend
in excess of $6.4M in exchange for the title to equip-
ment costing $2,765,655. The EPSDU transfer to
Washougal, Washington, was authorized by JPL in
September 1981.

G. THE UCC SILANE-FBR AND THE HSC
DICHLOROSILANE-CVD PROCESSES

During FY 81, process development at Battelle was
terminated. Thus, in addition to the UCC EPSDU, the
only active process development program remaining
was the SiH2CI2-CVD process development of HSC.
The engineering and economic analysis of this process
development, originally underway at Lamar University,
was transferred to the Texas Research and Engineering
Institute in May 1981. The principal investigator, how-
ever, continued to be Professor C. Yaws. The chemical
engineering research on the hydrochlorination reactor of
the Silane Process, initially being carried out at MIT, was
transferred in July 1981 to Solarelectronics, Inc.; the prin-
cipal investigator continued to be Dr. J. Mui. Efforts to
develop the FSR and the FBR for the Silane Process
were supported by studies of the nucleation and growth
of aerosol particles by Professor Flagan at the California
Institute of Technology (Caltech) and the AeroChem

Research Laboratories. Research continued on impurity
effects at Westinghouse and by Professor Sah. There
also were intensified studies for the development of the
silane-FBR at both UCC and JPL.

In FY 82, the development contract with UCC was
directed solely toward the experimental demonstration



of theengineeringfeasilityofsilane-FBRtechnology.
Thisprogramwasconductedincollaborationwitha
complementarystudyin theJPLchemicalengineering
laboratory.Also,underProfessorO.Levenspielas
principalinvestigator,astudyofanalternativemethod
forheatinga FBRwasinitiatedlateintheyearat
OregonStateUniversity.Theeffortwascontinuedto
fullycharacterizetheconditionsfortheconversioneffi-
ciencyandthekineticsofthehydrochlorinationreactor
fortheSilaneProcessatSolarelectronics.

FurtherdevelopmentoftheSiH2CI2-CVDProcess
wasunderwayinFY82.Parametricstudieswerecon-
tinuedtodescribethereactordesignsandtheoperat-
ingconditionsfortheSiH2CI2synthesisandthesilicon
depositionsteps.Theobjectiveswereto increasethe
conversionyieldsandthereactionratesofthesesteps.
Aneconomicanalysisofthisprocesswascompleted
inJuly1982bytheTexasResearchandEngineering
InstituteunderProfessorC.Yaws.

Theextensive,valuablestudybytheWesting-
houseResearchCenteroftheeffectsofimpuritieson
thepropertiesofsiliconmaterialsandontheperform-
anceofsolarcellsendedinFebruary1982.Thecon-
clusionsderived,supportedbymeasurementsand
studiesinotherlaboratories,providedthebasisfor
purityguidelinesforFSAcontractsandforeffortsof
privatecorporationstodevelopsolar-gradepolysilicon
processes.A naturalandimportantextensionofthis
studyto characterizesiliconmaterialrequirementsfor
veryhigh-efficiencycellswasproposedbyWesting-
houseandtheSiliconMaterialTaskin1981.Unfor-
tunately,thisstudycouldnotbefittedintotheFSA
Projectprogram.

InDecember1983,thedevelopmentof the
SiH2Ct2-CVDprocesswasendedafterthedemonstra-
tionofthecapabilityofhigh-conversionyieldsforthe
SiH2CI2 preparationandsilicondepositionreactors.
HSCconcludedthattheflammabilityandexplosion
characteristicsofSiH2Cl2 wouldforceboththedirect
useoftheSiH2CI2withoutstorageandtheremote
locationoftheSiH2Cl2 preparationunit.Therewasno
indicationthatHSCwouldusetheSiH2CI2technology
commercially.

InApril1983,aftercompletionofthestudyto
characterizetheoperatingconditionsofthehydro-
chlorinationreactorfortheSilaneProcess,thedevel-
opmentofthesilane-FBRandtheinvestigationofthe
aerosolreactorbyCattechweretheonlyeffortsto
remainintheTaskprogram.Astudywasinitiatedin
December1983,andcompletedinDecembert984,to
modelthesilane-FBRsystemtoprovideabasisfor
interpretingtheexperimentaldataandfordesigning
reactorsandexperimentalplans.Theexperimental
FBReffortatJPLendedinJune1985withtheachieve-
mentofhavingextensivelycharacterizedtheoperationof
thesitane-FBRsystemathighsilaneconcentrations.
Demonstrationoftheoperationwiththeproductionof
high-puritypolysiticonproductremainedtobedone.The
experimentalFBReffortatUCCendedinApril1986with
encouragingindicationsthatlong-term,steady-stateoper-
ationwasachievable.Therehadbeenonlya partial
demonstrationofsteady-stateoperationduringextended
periods,andthecapabilityofproducinghigh-purity
siliconremainedtobedemonstrated.
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SECTION III

Process Developments for
of Semiconductor-Grade Silicon

A. DICHLOROSILANE CHEMICAL VAPOR
DEPOSITION PROCESS

The two-step dichlorosilane (SiH2CI2) CVD process
was carried out by HSC under JPL Contract 955533.
The first step, the generation of SiH2CI2, takes place in
a reaction sequence patterned after the steps in the
UCC silane process. As in the silane process, the pro-
cessing sequence of the first stage consists of the
following steps for the production of dichlorosilane:

(1) SiHCI 3 is prepared by the hydrochlorination
reaction of H2 and silicon tetrachloride (SiCI4)
with metallurgical-grade silicon (mgSi)in a FBR.

(2) Purification of SiHCI 3 by removal of metals as
chlorides and of high-volatility gases.

(3) Residual SiCI 4 is removed by distillation. The
disproportionation reaction of SiHCl 3 into
SiH2Cl 2 and SiCl 4 takes place on a Dowex

catalyst. The SiH2Cl 2 is purified by distillation.

In the second stage, the high-temperature,
H2-reduction of SiH2CI 2 deposits silicon onto heated
filaments in a Siemens-type reactor (Figure 2). This pro-
cess concept is based on the reasoning that, compared

with SiHCI3, the use of SiH2CI 2 in a Siemens reactor
would be advantageous because of its greater deposi-
tion rate, more favorable conversion yield per pass, and
lower deposition temperature.
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Figure 2. Hemlock Process Flow Diagram

The primary overall chemical reactions are:

(1) Hydrochlorination of mgSi:

Cu

Si + 2H2 + 3SICI4 = 4SiHCI3 (500°C
and 515 Ib/in.2)

(2) Disproportionation reaction:

2SiHCI 3 = SiH2CI 2 + SiCI 4 at 80°C (Dowex
MWA-1, trademark of Dow Coming Corp.)

(3) Silicon deposition reaction:

SiH2CI 2 = Si + HCI + chlorosilane mixture
(1050°C)

The SiCI 4 in the reaction product streams is
recycled, as is the H2 recovered from both the product
stream of the hydrochlorinati6n reactor and from the
Siemens-type reactor. This recycling eliminates the need
to deal with a large amount of SiCI 4 as a by-product. The
greater deposition rate and yield characteristics, together
with reactor improvements, also indicate a potential for a
considerable decrease in reaction-energy use.

The program plan contained tasks to characterize
the SiH2CI2 deposition reaction, to demonstrate the
scalability of the deposition reactor using an intermediate-
sized unit, to study the SiHCI 3 to SiH2CI 2 redistribution
reaction and the characteristics of Dowex catalysts, and
to do a preliminary engineering design of an EPSDU.

The conditions of flow rate, SiH2CI 2 concentra-
tion, and temperature were systematically varied in a
study of the deposition reaction. Concurrently, experi-
ments with the redistribution reactor provided informa-
tion on the kinetics and catalyst behavior, such as trans-
port properties, conversion efficiency, and catalyst life-

time. Optimal operating conditions were derived from the
results. In a series of runs it was shown:

(1) The redistribution reactor could be run 95%
on line.

(2)

(3)

The intermediate-sized deposition reactor
used about 90 kWh/kg and gave an average
of 37 mol % yield with a deposition rate of
2 g/h-cm.

Because no vapor-phase nucleation occurred,
there were no problems with fine powder forma-
tion.

(4)

(5)

The silicon produced was of semiconductor-
grade purity.

The rod surface was acceptably dense and
coherent. Solar ceils from the produced silicon

were made and tested by the Westinghouse
Research Center. Their efficiencies, in the

range of 12 to 14%, were as good as baseline
cells prepared from silicon produced by the
SiHCI3-Siemens process.



A majorproblemaroseduringthechemicaland
physicalcharacterizationofSiH2CI2.TheSiH2CI2was
foundtohaveaverylowandunpredictableignitiontem-
perature,abroadflammabilityrange,andanextreme
tendencytodetonateunderconfinementinairmixtures.
Tominimizethesehazards,theprocesswasredesigned
withaprovisiontouseH2 todilutethe SiH2CI2
immediatelyasit cameoutintheexitstreamfromthe
SiH2CI2distillationcolumn.Asaconsequence,the
HSCprocessdoesnotincludeSiH2CI2storage.

Thefinalphaseofthecontractfirmlyestablished
theproductioncapabilityoftheSiH2CI2PDUaswellas
thethroughput,yield,andenergy-useadvantagesof
usingSiH2CI2 inaCVDreactor.Basedonapreliminary
engineeringprocessdesign,aneconomicanalysisfora
1000MT/yearplantindicatedapriceof$24/kg(in1980
dollars)at20%returnoninvestment.Thereisnoevi-
dencetheSiH2CI2CVDprocesshasbeeninstalledina
commercialplant.

B. BROMOSILANEPROCESS

Thefeasibilityof usingabromosilanechemical
systemfortheproductionofpolycrystallinesiliconwas
examinedbytheJ.C.SchumacherCo.underJPLCon-
tract954914.TheapparentadvantagesoftheSiHBr3
systemcomparedtotheSiHCI3systemweregivenas:

(1) Thecapabilitytooperateatlowertemperatures
withoutcausinghomogeneousnucleationand
theformationoffinepowders.

(2) A decreasedtendencyforwalldepositionand
polymerformation.

(3) AnincreasedreactionratefortheH2reduction
ofbromosilanes.

(4) Betterpartitioncoefficientsforpurification
acrosstheliquid-vaporphaseboundary.

Therecognizabledisadvantageisthehighraw
materialcost,butthiswouldbegreatlyreducedina
closed-cycleprocess.

Theprimaryoverallchemicalreactionsare:

(1) Generationoftribromosilane(SiHBr3)from
mgSi:

3SiBr4 + Si + 2H2= 4SiHBr3(650°C)

(2) Siliconproduction:

(a) Thermaldecomposition:

4SiHBr3 = 3SiBr4+ Si+ 2H2(850°C)

(b) H2reduction:

SiHBr3+ H2= Si+ HBr+ bromosilane
mixture(1000°C)

A majorinitialinvestigationdealtwiththebehaviorof
ahigh-velocitygas-phasereactionfortheH2reductionof
bromosilanes.Afterachemicalengineeringanalysis,a
continuous-flowreactorwasproposedintowhichsilicon
seedparticleswereintroducedto bemixedwithand
conveyedbyhigh-velocitygaseousreactantsthroughthe
reactionzone.Earlyexperiments,however,directed
towardobtainingoverallyielddataandthefullcharacteri-
zationofkineticsandthermodynamicsofthisreaction
system,indicatedtheneedforincreasedresidencetime
andgreaterdepositionsubstrateparticlepackingdensity.
ThistedtoachangeovertoanFBR.

LimitedexperimentsintheH2reductionof SiHBr3
ina FBRgavea60%yieldat1000°C.Analogousto
thechlorosiIanesystem,themajorby-productisSiBr4.
Analyseswereperformedofdesignsforprocesses
incorporatingaFBRforthedepositionreactoranda
hydrobrominationreactortogeneratetheSiHBr3.
TheseindicatedthattheTaskgoalcouldbereached
usingeitherhydrogenreductionorthermaldecomposi-
tionofSiHBr3 Preliminaryoptimizationcalculations
didnowshowdistinctadvantagesforeitherpath.Budget
restrictionsandProjectschedulecommitmentsforced
terminationoftheworkatthispoint.

FurtherdevelopmentofthisprocessatSchumacher
wascontinuedunderprivatefunding.A closed-loop
bromositaneprocessanalogoustotheUCCchlorosilane
processisprojected.Compositionmeasurementsindi-
catea high-purityproductfroma1-MT/yearprocess
developmentunit.Thestart-upofa50-MT/yearpilot
plantandtheplanningfora 1000-MT/yearplanthave
beenannounced.

C. SILANEPROCESS

1. SitaneProduction

Thedevelopmentofa processforthelow-cost
preparationofsitane,foruseasthefeedstockforthe
productionoftow-costsemiconductor-gradepolysili-
con,wasthebasisforJPLContract954334withUCC
inOctober1975.Advantagesofsilaneastheinter-
mediateforpolysilicondeposition,comparedtotri-
chlorosilane(SiHCI3)orsilicontetrachloride(SiCl4),
area lowerdeposition-reactiontemperature,ahigher
conversionefficiency,andlowerenvironmentaland
corrosionproblems.

Experimentalevidenceto supporttheconcepthad
alreadybeenobtainedbyUCCinstudiesoftheuseof
redistributionreactionscatalyzedbyatertiaryamine
exchangeresintoconvertSiHCl3 intodichlorosilane
(SiH2CI2),Sill4,andSiCl4.Indeed,thecatalysisreac-
tionwasalreadybeingusedbyUCCforthecommercial
productionofSiH2CI2fromSiHCl3.A furtheradvantage
oftheproposedredistributionreactionroutewasthe
separationofthegaseousproductsoftheredistribution
reactionsthatcouldbereadilyachievedbydistillation.
Usingextantexperimentaldataforthepreparationsof
SiHCI3 andSiH2CI2,coupledwitha logicalextensionof
theseresultstotheproductionofsilane,apreliminary
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estimateof$4.42/kgsilanewasgivenintheproposalfor
themanufacturingcostofsilanewithaprocessfeed-
stockofmetallurgical-gradesilicon.A creditforthesale
oftheby-productSiCI4 wasincludedinthecalculation.
Anotherpreliminaryestimateofthemanufacturingcost
ofthepolysiliconproduct,assumingtheuseofa
Siemens-typereactorforCVDdeposition,yielded
$9.90/kgsilicon(1975dollars).

TheSilaneProcessconsistsoftwoprimarysteps
(Figure3).Inthefirststep,mgSiis transformedinto
extremelypuresilane;inthesecond,thesilaneisther-
mallydecomposedto yieldsilicon.Theonlychemicals
introducedintotheclosed-loopsystemarethemgSi
feedstockandsomemake-upchlorinein theformof
SiCI4.Themainby-productsoftheprocessstepsfor
chemicalconversion,purificationofintermediates,
andsilicondepositionareH2andSiCI4.Theseare
recycled.Metalimpuritiesareremovedaschlorides.

Theprocessingsequenceconsistsofthefollowing
steps:

(1) Productionoftrichlorosilane(SiHCI3)fromthe
hydrochlorinationreactionofH2andSiCI4
withmgSiina FBR.

(2) PurificationoftheSiHCI3 bytheeliminationof
high-volatilitygasesandofmetalsaschlorides
followedbytheseparationoftheresidual
SiCI4(forrecycling)bydistillation.

(3) Disproportionationof SiHCI3 into
dichlorosilane(SiH2CI2)andSiCI4.

(4) PurificationoftheSiH2CI2.

(5) Disproportionationof SiH2CI2 intoSill4and
SiHCI3.

(6) PurificationofSill4bydistillation.

(7) Thermaldecompositionof Sill4to yield
silicon.

Theprimaryoverallchemicalreactionsare:

(1) HydrochlorinationofmgSi:
Cu

Si + 2H2+ 3SICI4= 4SiHCI3(500° and
515Ib/in.2).
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Figure 3. Union Carbide Process Flow Diagram
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(2) Disproportionationreaction1:

2SiHCI3-- SiH2CI2+ SiCI4[70°C,
Amberlyst21(trademarkof RohmandHaas
Corp.)].

(3) Disproportionationreaction2:

3SiH2CI2 = Sill4 + 2SiHCI3(70°C,
Amberlyst21).

(4) Thermaldecomposition:

Sill4 -- Si+ 2H2atabout700°C.

TheSiCI4 intheproductstreamsfromthesereac-
tionsisrecycled,asistheH2recoveredfromthesilane
decompositionandfromtheproductstreamofthe
hydrochlorinationreactor.Theinitialstatementofwork
consistedofthefollowingtasks:

(1) Experimentaloperationofa10Ib/daymini-plant
usingafeedstockofvaryingmixturesofchloro-
silanes.Equipmentconsistedofa redistribution
reactorandonedistillationcolumntoproduce
silane.

(2) Experimentaloperationofasilanemaxi-plantof
thesamecapacitythatusedthesamefeed-
stock,butconsistedoftworedistributionreac-
torsandthreedistillationcolumns.

(3) Processstudiesinvolvingtheexperimental
determinationoftheeffectsofredistribution
reactorparameters,analysesofthermo-
dynamicandkineticcharacteristics,evaluations
ofpurificationmethods,anddevelopmentof
proceduresforsilanestorage.

(4) Calculations based on experimental data to
evaluate the economic and energy-use charac-
teristics of an overall silane process.

(5) Study of the reaction for the direct synthesis of
SiH2CI 2 from metallurgical-grade silicon. This
statement of work did not provide for develop-
ment of a reactor to convert silane into silicon.

Engineering feasibility of the process was shown in
Phase I of the contract by:

(1) Experimental operation of a PDU to produce
silane from a feedstock of chlorosilane mix-
tures.

(2) Experimental characterization of the hydrogena-
tion redistribution reactors.

(3) Establishment of closed-cycle production of
high-purity silane in a process coupling the
hydrochlorination reactor to the PDU.

(4) Obtaining extensive data for the reaction
chemistry, kinetics, chemical properties, and
thermodynamics to support the process devel-
opment efforts.

(5) Evaluating purification methods and developing
procedures for silane storage.

(6) Experimental characterization (begun in
January 1977) of a FSR for the conversion of
silane to submicron-size silicon particles and of
the means for consolidating the powder.

(7) Preliminary experimental study of FBR tech-
nology as an alternative silane-to-silicon con-
version reactor. The technical feasibility of the
part of the process for the production of silane
from mgSi was confirmed in April 1978.

In October 1977, in response to the requirement by
the DOE for an acceleration of the development schedule
to enable the production of increasing quantities of poly-
silicon needed for the anticipated expansion of the PV

solar cell industry, Phase II was begun to run concurrently
with the Phase I studies. The main objectives were to
provide an information base for experimental silane and
polysilicon production facilities, to prepare a preliminary
design for a 25-MT/year polysilicon production facility,
and to carry out economic analyses for both the
25-MT/year experimental facility and for a 1000-MT/year
commercial plant. A detailed design for a 25-MT/year
facility was developed. Investment and operating cost
data were calculated for both the 25-MT/year facility and
the 1000-MT/year production plant.

Realizing that a 25-MT/year unit was probably
impracticably small and that increased production
capacity would be more appropriate, JPL requested
UCC to provide an engineering and cost analysis of a
proposed 100-MTlyear EPSDU. The EPSDU was defined
as an experimentally integrated unit. It contained all of
the experimental equipment, including units for conver-
sion reactions, purification, separation, and recycling that
were conceived as being required to investigate and
characterize the complete process. The calculations and
analyses led to the following conclusions:

(1) (Costs for capital equipment, operation, and
maintenance labor were quite insensitive to
size changes of the small facilities.

(2) The 100-MTlyear EPSDU would be more easily
assembled because the 25-MT/year EPSDU
would require some unconventional and, in
some cases, less suitable equipment.

(3) Some volume and sizing problems, which
should be examined directly in this phase,
might not be amenable to study in the
25-MTlyear EPSDU. Thus, the scale-up factor
for the equipment could be more readily and
extensively investigated with the 100-MT/year
EPSDU.
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(4) Dataobtainedfortheoperationcharacteristics
of the100-MT/yearEPSDU,suchasheat
lossesandwastedisposalrequirements,
wouldbemoreapplicableto thedesignofa
large-scaleplant.

(5) Design arrangements of some equipment for
the 100-MT/year EPSDU, such as distillation
columns, would be expected to be similar to
those for large production plants.

(6) Increase in EPSDU size would not cause addi-
tional technical problems.

(7) Site size would be about the same for the two
EPSDUs. The conclusion was that the advan-

tages of a 100-MT/year EPSDU warranted the
small additional cost from $4,000,000 to
$4,500,000.

The contractual effort preceding the EPSDU
phase, involving a coordinated program of four UCC
laboratories, had centered on the silane production
section of the process and had resulted in establishing
the technical feasibility of each of the reaction units.
Experimental data of the physical properties of all of
the chemical compounds involved in the reactions had
been obtained as functions of ranges of operating con-
ditions. Experimental data had been garnered for the
reaction conditions both to characterize the reactions

and to bptimize the conditions for product yield,
throughput rate, energy use, purity of product, and
economics. Designs had been developed for chemical
reactors and purification units. A process design had
been performed to obtain a complete and technolog-
ically simple process flow sheet to be used as the
basis for the design and costing of an EPSDU. An
economic analysis had been done for the overall pro-
cess. The results confirmed the exl_ectations that the
UCC process could meet the then LSSA Project objec-
tive, assuming that a suitable silane-to-silicon conver-
sion reactor could be developed.

Favorable progress on the work elements of
Phases I and II led to a Phase III for the detailed engi-
neering of the design, fabrication, installation, and
experimental operation of the EPSDU. Experimental
studies were to examine parametric variations, to
determine steady state operating conditions, to opti-
mize the yield and operating efficiency of the overall
process, to examine the requirements for instrumenta-
tion and controls, and to perform calculations and
analyses of designs and economics. This information
not only would provide the basis for the EPSDU
design, but also would provide projections of opera-
tion characteristics and economics for a large-scale
production plant.

The Phase Ill plan required that tasks were to be
carried on concurrently for the continuation of experi-
mental developments of the processes for the conver-
sion of silane into silicon using FBR and FSR techniques
and of the optimization of the operation of the hydro-
genation reactor. Information and analyses from this work

would be introduced into the design, fabrication, and
installation of the EPSDU at appropriate times. Also,
investigations with the silane PDU would continue to
explore operating parameters and secure information for
iterations of unit designs. Other experiments, critiques,
and economic analyses in support of the EPSDU phase
would also be continued at JPL and under contracts with
other laboratories and consultants.

A complex, detailed, work-breakdown structure
(WBS) was used to describe, coordinate, and track the
large number of EPSDU activities. The seven major
categories of the WBS and further subdivisions for
tasks and work items in these major categories are
shown in Table 3. Work items were defined as the

smallest, practical, work-subdivisions based on cost,
duration, and schedule.

Using this control system, extensive effort for the
design, specification, and fabrication and procurement of

equipment was carefully managed. The initial WBS
covering FY 80 (the 45-month EPSDU phase having
begun in April 1979) was replaced by a revised WBS for
FY 81,82, and 83 to enable the increasingly complex
interplay of activities to be more properly controlled. The
revision not only emphasized a primary division of the
EPSDU program into a section for silane production and
a section for silicon production, but also showed a
schedule extension from December 1982 to May 1983.
The additional time was to provide, in part, for the
development effort and design of the pyrolysis system.

Contributory experimental studies of the hydro-
genation-reactor to obtain parametric data describing
yield and rate efficiencies were performed by Dr. J. Mui
under contracts with MIT and then Solarelectronics, Inc.
Conducted concurrently with the EPSDU activities, these
investigations yielded information that became the basis
for the design calculations for this reactor.

The EPSDU program was affected severely by
the sharp reduction in funding for the FSA Project in
FY 81. As a consequence, a series of stop-work
orders and work-statement revisions was issued start-

ing in March 1981 in an effort to maintain an intact
overall program with lower funding. These contract
changes involved the pyrolysis/melting and the FBR
work items. These attempts, however, were inade-
quate when the full impact of the budget cut-backs on
the UCC EPSDU program was determined. It was con-
cluded that the completion of the installation and the
operation of the EPSDU were not possible under the
new budget limitations.

At this time the EPSDU process design package
had been completed. The EPSDU site had been pre-
pared along with the installation of underground
utilities, pre-engineered-type buildings, and the EPSDU
structure. Most of the equipment had been procured
and delivered and much of the major equipment had
been installed in the gantry. Only the mechanical
installation of piping, valves, and some units and the
electrical work remained to be done for the EPSDU
installation. The R&D effort for the fluidized-bed

technology was also unfinished.
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Table 3. EPSDU Work-Breakdown Structure

Silane Process (Union Carbide)

EPSDU: Design/Procurement
Process Design
Engineering Design
Equipment Specifications/Procurement
Installation Drawings
Environmental
Cost Estimate

EPSDU: Equipment Fabrication/Delivery
Mechanical
Electrical
Instruments and Controls

Other Equipment

EPSDU: Installation and Checkout
Site Evaluations
Installation
Checkout

EPSDU; Operation
Preparation
Start-up
Modification

Initial Feasibility Demonstration
Data Generation and Analysis
Silicon Consolidation R&D, 1986 LSA Goals

Off-Site Quality Control Analysis
Final Performance Run

Equipment Durability Assessment
Shutdown

Commercial Process Economic Analysis
Process Design
Engineering Design
Cost Estimating
Assessment and Reporting

Process Support R&D
Free-Space Reactor Development
Melting/Consolidation Development
Fluidized-Bed Reactor Development
Quality Control

Management And Deliverables
Project Management
Program Management
Deliverables

Attempting to devise a strategy to permit the com-
pletion of the UCC-EPSDU program, options were
explored in a series of conferences involving UCC,
JPL, and DOE. Motivation for these meetings was the
consensus that every effort be made to devise a
means of completing the EPSDU demonstration.
Because information then available indicated DOE

funding for FY 82 and FY 83 also would be severely
inadequate, the EPSDU program could never be com-
pleted without a substantial financial contribution by

UCC. Discussions, therefore, centered on means of
bringing about an agreement for UCC to cost-share
the program.

The only mutually agreeable option enabling the
achievement of the FSA objective was to transfer the title
of the EPSDU equipment to UCC. In return, UCC would
be obligated to complete the installation and check out,
start up, and operate the EPSDU for at least 1 year. UCC
also would supply a final report describing any modifica-
tions and the details of 1 year of operation. The EPSDU
data for the silane-to-silicon conversion step would not

be provided because a proprietary deposition reactor,
licensed from Komatsu Electronic Materials, Inc., was to

be used. Under this arrangement, UCC was required to
pay for all costs involved in installation and operation,
including costs of transferring the equipment to a differ-
ent location. The FSA Project agreed to continue funding
the development of the silane-FBR. A careful JPL analy-
sis indicated that this arrangement would oblige UCC to
spend in excess of $6.4M in exchange for the title to
equipment that cost $2,765,655. The EPSDU transfer
was authorized by JPL in September 1981. Under the
contract, the equipment was transferred from East
Chicago, Indiana, and installed in Washougal, Washing-
ton. All of the site preparation, plant construction, and
EPSDU check-out, start-up, and operation were accom-
plished with UCC funds.

The EPSDU check-out began in July 1982 and was
completed t month later (Figure 4). Concurrently, plant
operation and safety manuals were written. Various equip-
ment and design modifications were implemented during

ORtGiNAL PAGE IS
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Figure 4. Silane Process EPSDU
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thecheck-out,start-up,andoperationstages.Astheini-
tialstepinthestart-up,thefirstSiHCI3wasproducedin
November1982,andthefirsthigh-puritysilaneandpoly-
silicon,respectively,wereproducedinJanuaryandFeb-
ruaryof1983.Theaveragepurityforthesilaneproducedin
Februarywas99.08%_+0.64with0.37%_+0.25H2,
0.56%_+0.37N2,and0.12%_+.07He.Concurrently,
thepolysiliconpuritydataobtainedfromthesecondrun
withpuresilanewere0.021ppbB,0.119ppbP,anda
resistivityof898ohm-cm.TheEPSDUpresentlyisrou-
tinelyproducingveryhigh-puritysilaneandpolysilicon.A
1200-MT/yearcommercialplant,basedonthedesign
andoperatingexperienceoftheEPSDU,hasbeen
installedatMosesLake,Washington.Itnowisinopera-
tionproducingveryhigh-puritysilaneandpolysilicon.

2. Silane-to-SiliconConversion

Thesilane-to-siliconconversionreactorsinthe
120-MT/yearEPSDUandinthe1200-MT/yearcom-
mercialplantarechemicalvapordeposition,Siemens-
typereactorsthatweredevelopedandpatentedby
KomatsuElectronicMetalsLtd.Thesilaneandsilicon
productsoftheseinstallationsaresemiconductor
gradeorhigher,andtheoverallproductionofeach
productissatisfactory.Althoughloweroperatingcosts
hadbeenestimatedforthesilane-Komatsureactor
process,ascomparedtothecostsoftheconventional
Siemens-trichlorosilaneprocess,itwasevidentfrom
thebeginningofthedevelopmentcontractthatadif-
ferent,lower-cost,depositionreactorhavinghigher
throughputandlowerenergyusewouldberequiredto
meetthepolysiliconlow-costgoalof theProject.The
programtodevelopsuchareactorwascarriedoutin
thelaboratoriesofUCCandJPL.It involvedinvestiga-
tionsof theFSRandtheFBR.

a. Free-Space Deposition Reactor. The first

effort at UCC to develop a different deposition reactor
began in January 1977 and centered on the FSR. In an
FSR, chemical reactions take place in the gas phase
away from any wall. The silane enters the FSR as an
axisymmetric jet, expanding into the hot reaction zone.
The gas velocity, the temperature profile, and the reac-
tor geometry need to be controlled to prevent any
silane from reacting at a wall and depositing silicon.
Operating with a conversion efficiency > 99%, the
experimental FSR yielded a product which was a mix-
ture of silicon particles ranging in size from submicron
to a few microns in diameter. The objectives of the
UCC-FSR program were:

(1) To demonstrate long-term operation capability.

(2) To evaluate methods for consolidating the
product.

(3) To establish product purity.

Numerous models, developed by UCC and its con-
sultant, provided insights for the design of the FSR and
the experimental conditions that should be studied. A

refined version was a two-dimensional axisymmetric
model in which the reactor was treated as a turbulent,

confined jet. Heat transfer from the walls as well as the
effects of the chemical reaction were taken into account.
Descriptions were obtained of the fluid flow, heat trans-
fer, and the spatial chemical reaction dependencies on
the influences of the wall temperature, the silane mass
throughput, and the reactor geometry. Predictions involv-
ing sharp changes in the flow direction and a high velocity
toward the wall were used as evidence for the cause of

powder build-up on the wall. Descriptions of the nature
of the heat flow and gas velocity were believed to show
that the model was suitable for use in scaling up and
modifying the reactor design. Despite some success in
fitting experimental data to the model, the model was
not established experimentally. Also, until the phenom-
ena of particle formation was incorporated, the model
could not be completely representative of the reactor
system.

After additional data revealed that some simplifying
assumptions were inappropriate, the model was refined
further to take into account the profiles of nonuniform

wall temperatures, injector positions, and varying prop-
erties of the gas. The resultant model was validated
experimentally by its predictions of internal reactor tem-
peratures, the dependence of silicon yield on silane flow
rate, and the extent of wall deposition. Further correla-
tions showed that the control of heat transfer from the

wall was critical for Iong4erm runs and indicated that
silicon production of 100 MT/year could be reached with
an 18-in.-diameter reactor.

Demonstration of long-term operation, with a goal
of 2.3 kg/h for 24 h and determination of the maximum
throughput capability were emphasized in the second
phase of the FSR development by UCC. In two 24-h runs
at silane flow rates > 2 kg/h, silane conversion yields

>99.6% were reached without reactor plugging. The
maximum throughput was found to be 4.5 kg/h based on
98% yield. Because of silicon deposition on the reactor
wall, apparently caused both by insufficient heating and
penetration of unreacted Sill4 into the recirculated flow, a
modified heating arrangement was necessary. It also was
evident that product purity would require the use of a
quartz liner.

In the next series of experiments, using a different
temperature profile, hard wall deposits were eliminated

and silicon conversion yields > 99.99% were obtained.
Despite attempts to control operating conditions to
avoid wall deposition, the major reactor problem con-
tinued to be the build-up of powdery silicon on the
walls. Use of a wall scraper to prevent the accumula-
tion of thick deposits was partially successful. A sec-
ond major problem, involving sharp decreases in parti-
cle size that resulted from the use of temperature pro-
files intended to eliminate wall deposition, presaged
difficulties in maintaining purity and in transporting the
particle product.

Conversion of the FSR-particles into silicon shot in a
continuous melter-shorter unit was attempted by Kayex,
under contract to UCC. Despite a favorable analytical
prediction, the experimental operation was not success-
ful. The powder melting was difficult, the melt time was
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toolong,andtherewasinsufficientcoolingtimetopre-
ventsplatteringinthecollectionvessel.

b. Fluidized-Bed Deposition Reactor. Although

the FSR development was emphasized, an exploratory
investigation of silane pyrolysis in an FBR was con-
ducted during the period of January 1977 to March 1979
at UCC's Parma Research Center. The main objective
was to determine the feasibility of producing dense,
coherent coatings on seed particles while preventing the
formation of submicron particles of silicon (dust). The
FBR was an 8.5 cm inside diameter (ID) quartz tube.

Several distributor-plate designs were examined in
experiments operated during a temperature range to
1000°C. Conversion efficiencies were high at tempera-
tures from 700 to 900°C, but only dense coatings were
obtained above 950°C. Although the amount of dust
formed at 7% silane seemed to be acceptable, exces-
sive amounts occurred at about 23 % and the reactor
walls were coated with dense CVD coatings. Obviously,

the reacting system was complex and undesirable
products could be prevented only by defining and
carefully controlling the temperature and the fluidiza-
tion characteristics.

A very encouraging preliminary economic analysis
for a 100 MT/year FBR unit indicated an annual oper-
ating cost of $1.73/kg (1975 dollars) for the silane-to-
silicon conversion. This gave a final product cost for
polysilicon of $8.48/kg (1975 dollars), taking into account
the factors of a 15-year plant lifetime, 10-year depreci-
ation, 48% federal income tax, 100% equity financing,
2-year construction time, and a 25 % discounted cash
flow (DCF) rate.

This exploratory study by UCC provided a prelimi-
nary description of the operating conditions required to
obtain dense growth, to prevent plug formation that
would shut down the FBR, and to minimize fine parti-
cle generation. Although the reasonably successful
runs were made using low silane concentrations, the
conditions and, thus, the feasibility for reactor opera-
tion at economically attractive concentrations of greater
than 10%, remained to be established.

To obtain a design for product removal in a semi-
continuous mode of operation, techniques for remov-
ing the larger particles from the FBR were investigated.
Binary-size systems, containing large particles in a bed
of fines and multidisperse systems in which there were
wide size distributions of particles, were used in the
experiments. A 1.5-in. ID fluidized pipe connected at
the bottom of a 6-in. ID FBR was the primary separa-
tion method used. A suitable separation for the binary
system was obtained for diameter ratios 2.55. Continu-
ous separation occurred in the polydisperse system. The
UCC results indicated that the conditions for product
withdrawal needed to be carefully controlled for ade-
quate separation.

The UCC experiments with a 6-in.-ID FBR began
in April 1981 after a preliminary study of silane pyroly-
sis in a fixed bed. In a series of seven experiments,
the capability of operation at silane concentrations up

to 21% was demonstrated without problems of agglom-
eration in the bed. Very small amounts of fine particles
were formed, and the growth in the seed particles was
dense. Mass-balance calculations showed that silane

decomposition was essentially completed (99.7%) for
silane concentrations up to 21%, under operating con-
ditions of a bed temperature between 640 to 685°C and
a bed height of 36 in. The temperature of the distributor
plate was critical for long-term operation, because it
rapidly became plugged if its temperature exceeded
about 400°C. Although two 6-h runs were made, no
attempts were made to approach steady-state operation
by use of seed particle addition or product removal. The
ability to heat the bed through the reactor walls without
perceptible coating or wear also was shown in these
short-time runs.

Based on this experience, several modifications of
the reactor were made. The bed height was increased
to 80 in., additional heating was provided, and the dis-
tributor plate was redesigned for direct cooling of the
bottom surface. In 1982, a suitable operating window
was defined for a steady-state condition. In a run cover-
ing 33 h of accumulated time, there was complete sitane
conversion. The capability for removing product silicon in
batches and for adding seed particles was demonstrated.
The critical operating parameter was the temperature
distribution from the distributor plate to the top of the
bed. The plate must be kept to about 300°C to prevent
its clogging. A top-of-the-bed temperature of 750°C
gave both good conversion and deposition results.

The 6 in. FBR was transferred from the EPSDU site
in East Chicago, Indiana, and installed at Washougal,
Washington, in August 1982. tn three long duration runs
in the last quarter of 1983, the total run time was 80 h
with the longest single continuous run being nearly 45 h.
Shutdown was voluntary. The overall seed particle mean
diameter growth was from 300 to 500 #m with the max-
imum sitane feed concentration being 24% in H2 and
the average feed rate of silane was 2 kg/h. Scanning
electron microscope (SEM) and optical micrograph
analyses indicated a dense 100-mm-thick deposition
layer. Composition analyses showed, however, the
presence of large amounts of the metals present in the
Incoloy 800 H from which the reactor was fabricated.
This severe contamination problem was analyzed in a
critical review at JPL. The conclusion that the contami-

nation was caused by abrasion of the reactor wall by
silicon particles was derived from comparisons of sim-
ilar occurrences in other FBR systems and from calcula-
tions using an abrasion model. The proposed solution
was the insertion of high-purity quartz and polysilicon
liners as barriers. Several long-term runs have been
made using these liners. Operations went smoothly for
a polysilicon liner in a run of 66 h and for a quartz liner
with a total run time of 110 h. Although the amounts of
impurities decreased, considerable improvement is still
necessary for the production of semiconductor-grade sili-
con. Also, a common occurrence using a quartz liner
is liner cracking during reactor cool-down. The eco-
nomic prachcability for use of a quartz liner must be
demonstrated with data for an adequate throughput
with an acceptable production time before coot-down.
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TheFSA-sponsoreddevelopmentof thesilane-
FBRendedinApril1986.UCCiscontinuingthepro-
gramundercorporatefunding,seekingtodemonstrate
thefollowingreactorattributesrequiredforthelow-
costSilaneProcess:

(1) Preparationandadditionofsuitablysized,
pureseedparticles.

(2) Steady-stateoperationwithhighthroughput
andwithdrawalof product.

(3) Productionofhigh-puritymaterial.

ThenextstepwillbetoverifyFBRoperationin
thepilotplant.Ultimately,theFBRwillbeinstalledas
theprimarydepositionreactorin large-scale,Silane
Processproductionplants.
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SECTIONIV

Ten Process Developments for
Production of Solar Cell-Grade Silicon

A. SYNTHESIS OF SILANE AND SILICON IN A
NONEQUILIBRIUM PLASMA JET

The original objective of this program, carried out
by AeroChem Research Laboratories, Inc. under JPL
Contract 954560, was to determine the feasibility of
using a nonequilibrium plasma jet to prepare the high-
volume, low-cost, high-purity silane or solar cell-grade
silicon from chlorosilanes and H2. Near the end of the
program, the emphasis on this method was changed to
determine the feasibility of preparing amorphous silicon
films directly for PV devices. The nonequilibrium plasma
jet is produced by partially dissociating H2 to hydrogen
atoms in a 50-torr to 100-torr glow discharge and then

expanding the H/H2 mixture through a nozzle. This pro-
duces a high flux density of hydrogen atoms at concen-
trations of about 3 mol % with about 30 % energy-
utilization efficiency. The jet then is mixed with SiCI4, and
the reaction proceeds at temperatures of 400 to 600 K.

Suggested reaction paths were:

(1) SiCI 4 + H = SiCI 3 + HCI.

(2) SiCI 3 + H = SiCI 2 + HCI.

(3) SiCI2 + H2 = SiH2CI2.

(4) SiCI2H 2 + H = SiCIH2 + HCI.

(5) SiCIH2 + H = Sill2 + HCI.

(6) Sill2 + H2 = Sill4.

Yields of Sill4, SiHCI3, or SiH2CI2 were found to be
too low, however, to be economically attractive. Both
amorphous and polycrystalline silicon films that
adhered strongly to Pyrex, Vycor, aluminum, or carbon
were prepared with either SiCI 4 or SiHCI 3 reactants.
Using silane, strongly adhering films were more diffi-
cult to prepare. Doping such films with phosphorus by
adding phosphine reduced their electrical resistivity by
two orders of magnitude. It was concluded that the
nonequilibrium plasma jet should be evaluated further
as a highly efficient technique for producing amor-
phous silicon films for PV cells. Because of a Project
program decision, however, no R&D program for this
purpose ensued.

B. SILICON HALIDE-ALKALI METAL FLAMES AS A

SOURCE OF SOLAR CELL-GRADE SILICON

The feasibility of using continuous, high-temperature,
flame reactions of alkali metals and silicon halides to

produce solar-grade silicon was investigated by

AeroChem Research Laboratories, Inc. Equilibria cal-
culations showed ranges of operating conditions in
which silicon can be produced in a condensed phase,
with the alkali-metal salt byproduct as a vapor. The
vapor-phase reaction of sodium (Na) with SiCI4 was
proposed as the primary step of a process.

1475°C

4Na + SiCI 4 --------. Si + 4NaCI.

Low-pressure experiments demonstrated that free
silicon was produced. These experiments provided
experience for the construction of reactant-vapor gen-
erators. Further experiments at higher reactant flow

rates, with the coaxial injection of reagents, were per-
formed in a low-temperature, flow-tube configuration.
Relatively pure silicon was produced. A high-tempera-
ture graphite flow tube was built and continuous sep-
aration of silicon from NaCI was demonstrated. The

conclusions of this study were:

(i) Reactions of gaseous sodium (Na) or potassium
(K) with SiCI4 or SiHCI3 produce stable high-
temperature flames characterized by rapid
kinetics and yield free silicon.

(2) Flames of gaseous Na or K with silicon tetra-

fluoride (SiF4) are characterized by much
lower temperatures and slower kinetics. Free
silicon is produced only if the reactor is hotter
than about 1000 K. This prevents the forma-

tion of sodium fluosilicate (Na2SiF6). Addi-
tional heat input would be necessary to sepa-
rate the product silicon from the sodium fluo-

ride (NaF)in the gaseous phase.

(3) Silicon produced from the Na/SiCI 4 reaction
can be separated from the byproduct NaCl(g)
if the reactor temperature is above 1750 K
and the inert gas (argon) in the system is kept
to a minimum.

(4) Heat-release measurements showed the

Na/SiCI 4 reaction to be mixing-limited, thus
allowing a well-stirred reactor to be compact
in volume.

(5) Na-graphite compounds form at T < 1200 K
causing severe material problems. Similar
problems are observed with pyrolytic graphite
or coated graphite. At T > 1 700 K, these
problems are not observed for graphite,
although the coatings still fail.

It was recommended that the Na-SiCI 4 reaction
system should be evaluated further as a process for
producing solar-grade silicon.
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C. SODIUMREDUCTIONOFSILICON
TETRACHLORIDEINANIMPACTIONREACTOR

Thefeasibilityofusingcontinuoushigh-temperature
flamesoftherapid,exothermicreactionofNawith
SiCI4toproducelow-cost,solar-gradesiliconwas
investigatedfurther.StudieswereperformedbyAero-
ChemResearchLaboratories,Inc.underJPLContract
955491to obtainproductseparation,totestreactorand
collectordesigns,todemonstratecontinuousreaction-
runcapability,tomeasureheat-releaseparametersfor
scalingpurposes,to determinetheeffectsofthereac-
tantsandproductsonmaterialsonreactorconstruction,
andtomakepreliminaryengineeringandeconomic
analysesofascaled-upprocess.Animpactiontech-
niquewasusedforsiliconcollection,andthefeasibility
ofmakingandcollectingsiliconwasdemonstrated.In
thefinal1-hruns,siliconingotsweighingabout250g
wereroutinelyproduced,withseparationcollectioneffi-
cienciesofabout80%.Thelongestrunsof1-t/2h
werelimitedbyreactantreservoircapacityandnotby
designorequipmentproblems.Metalimpuritylevels
werein the1to10ppmarangeor lower.Therewere
noeffortstodeterminetheoptimumreactionconditions
orthereactordesignforconversionyieldandproduct
purity.Graphiteforthereactor,andgraphitecoatedwith
silicon,alumina,orsiliconcarbideforthecollector,
wereshownto besatisfactoryconstructionmaterials.

A preliminaryprocessdesign(Figure5)fora
1000-MT/yearplantledtoacalculationofasilicon-
productcostestimateofabout$10/kg(1980dollars).
However,a Projectprogramdecision,forcedbybudget
considerations,terminatedresearchonthisprocess.

Developmentofthisprocesswascontinuedat
AeroChemunderprivatefunding.Theresearchdealt

withgas-phaseequilibriaandreactordesign,product
purity,yieldandthroughput,andaneconomicanalysis.
Thefacilityoperatedtoproduce1.5kgsilicon/h,solving
thethreeproblemsofhandlingNagas,ofmaterialsand
designforfeedingthereactantsintothehigh-temperature
reactor,andofsiliconremoval.Theyieldswereabout
90%andthisvalueshouldbeimprovedina largefacil-
ity.Thetheoreticalyieldis99%.Themarketpriceofthe
producedsiliconwascalculatedtobe$17/kg(1982
dollars),wherethecostoftherawmaterialsamountsto
65%ofthetotalcost.AeroChemiscontinuingthis
development

D. ZINCREDUCTIONOFSILICONTETRACHLORIDE

Thermodynamicandchemicalengineeringanaly-
sesofseveratprocessesforthepreparationofsilicon
wereperformedasthefirststepofthisprogramcarried
outbyBattelleColumbusLaboratories,Ohio,underJPL
Contract954339.Theprocessesincludedthezinc(Zn)
reductionof SiCI4inanFBRtoyieldagranularsilicon
product,andseveralversionsofthethermaldecompo-
sitionorH2reductionofsilicontetraiodide(Sil4).The
Zn-SiCIreactionwastheonlyprocesscapableof
achievingtheTaskgoal.

Theprimarychemicalreactionsforthisprocess
(Figure6)are:

(1) Siliconproduction:

2Zn _-SiCI4 -- 2ZnCI2+ Siat920°C

(2) Znregeneration:

ZnCI2 :---Zn + CI2(byelectrolysis)
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Figure 5. Aerochem Process Flow Diagram
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The first-phase experimental efforts dealt with the
conditions and characteristics of the above two reac-
tions.

A mini-plant, consisting of a 5-cm-diameter FBR
and associated equipment, was used to study the depo-
sition parameters of temperature, reactant composition,
seed particle size, bed depth, reactant throughput, and
methods of reactant introduction. It was confirmed that
the permissible range of fluidized-bed temperatures was
limited at the lower end by Zn condensation (918°C) and
at the higher end by the rapidly decreasing conversion
efficiency involving a change of 0.1%/°C from a 72%
thermodynamic value at 927°C for a stoichiometric mix-
ture. Use of a graded bed temperature increased the
conversion efficiency compared to that obtained in an
isothermal bed. Other aspects of the process, includ-
ing the condensation and fused-salt electrolysis of the
ZnCI2 byproduct for recycling of Zn and CI2, were
studied to provide information required for the design
of a 50 MT/year experimental facility. This was visual-
ized as the next stage of development. The purity of
the product was determined in an ancillary study in
which the granular product silicon was treated thermally
by the Westinghouse Research Center to remove resid-

ual Zn. Solar cells made from resultant material had an

average efficiency of about 12 %.

As a phase of a program to establish the engineer-
ing feasibility of the process, a PDU was designed and
installed, tt was sized at 50 MT/year and consisted of
four major units of the process (Zn vaporizer, ZnCI 2
condenser, FBR, and ZnCI 2 electrolysis cell). A series
of operating and design problems was encountered in
attempts to perform experiments with this integrated
unit. Because of these experiments, improvements in
the design and operation of these units were under-

taken and their experimental limitations were partially
established. Because more extensive redesigns of the
equipment were prevented by budget restrictions, the
performance characteristics of the PDU were not deter-
mined.

Projected silicon costs were calculated of $10.29
and $12.19/kg (1980 dollars) for a 1000-MT/year facil-
ity. The range depended upon the number and size of
the FBRs and ZnCI 2 electrolytic cells used.

The development of this process was terminated
before the operation of the PDU could be demonstrated.
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E. DIRECT-ARCFURNACEPROCESS

Developmentof thistwo-stepprocessforthe
preparationofsolar-gradesiliconwasconductedby
DowCorningCorp.,underJPLContract954559.The
firststep,thecarbothermicreductionofquartzina
direct-arcfurnace,is thebasisof thecommercialpro-
cessforproducingmetallurgical-gradesilicon.Inthis
effort,theconceptwastouseextremelypurequartz
andcarbonreductantsandtocontrolcarefullythecon-
ditionsofthefurnace.Thesecondstep,aunidirectional
solidificationprocedure,resembledtheCzochralski(Cz)
techniqueforthepreparationofsingle-crystalingots.
Thus,aconsiderabledegreeofpurificationwouldtake
placebecauseofrejectionintotheliquidphaseofimpuri-
tieshavingverysmall,near-equilibrium,liquid-solid
distributioncoefficients.

Anintensivesurveyofmaterialsusableasreac-
tantswasmadewiththecriteriabeingprice,chemical
activity,andpurity.Thepurestquartzavailableinthe
UnitedStatesandCanadawasusedintheexperiments.
Thepurestcarbonreductantwasfoundtobecarbon-
black-sucrosepellets.Testrunswereperformedina
specially-constructed,small-scaleresearch200kVa
furnaceinwhich100-kgquantitiesofsiliconwere
preparedin60-hrunsata maximumrateof 3kg/h.

Impurityconcentrationsintheproducts,measured
byemissionspectroscopy,werefoundto belessthan
10partspermillionbyweight(ppmw)foreachofthe
elementsmeasured.Onlyaluminum(AI)andiron(Fe)
wereintherangeof50to 100ppmw.Attemptsto
attainfurtherpurificationbyvacuumevaporationwere
unsuccessful.Thesecond-steppurificationbyCzcrys-
talgrowthgavesiliconwithimpurityconcentrations
belowthelimitsestablishedforthiscontractwiththe
exceptionofAI(1ppma),B(7ppma),andP(0.5ppma).

Theinabilitytoachievetheconcentrationgoals
setforbothBandPwasthemostformidablebarrier
forthisprocess.Thesegoalswerebasedonthe
objectiveofobtainingeconomicallyacceptableyields
of single-crystalingotsbytheCztechniquethatwere
withinspecifiedresistivitylimits.Thus,theprocess
wasfinallyeffectivelyjudgedbytheconcentrationsit
yieldedofBandP.

A productcostof $12/kg(1980dollars)was
estimatedfora3000MT/yearplant.Furtherprocess
developmentwasrecommendedbyDowCorning,
basedonthedegreeoftechnicalsuccessachieved
underthecontract,theestimatedproductcost,and
theconsiderationthata largepartofthetechnology
forthecommercialplantcouldbeappliedtoa scale-
upof themodifiedprocess.Thisprogramwastermi-
nated,however,causedbybothaninabilitytoreach
alloftheconcentrationgoalsandtoTaskbudget
restrictions.

Thedevelopmentofthiscarbothermicprocess
wascontinuedunderprivatefundingbySolarex,
Exxon-Elkem,andthenbyElkem.Therefiningof
metallurgical-gradesilicon,usingmetallurgicalpro-
cesses,alsoisbeingpursuedbyothercompanies.At

Elkem,thecarbothermicprocesshasbeencarriedfur-
therwithconsiderableemphasisbeingplacedoninter-
mediatepurificationstepsofleachingandremetting.
Elkemiscontinuingthisdevelopmentbaseduponits
projectionthatlarge-scaleproductionwillresultina
costonlyafewtimesthatof mgSi.

F.SILICONDIFLUORIDETRANSPORTPROCESS

Thiscontract,carriedoutbyMotorolaInc.under
JPLContract954442,wasforthedevelopmentof a
processinwhichtheprimarystepisa temperature-
gradientpurificationreaction.Byreactionwithsilicon
tetrafluoride(SiF4),mgSifeedstockisconvertedinto
theintermediatesilicondifluoride(SiF2).Insubsequent
processstepstheSiF2,becomespolymerizedandthe
polymerisconvertedintogaseoushomologuesofSiF2.
Thesecompoundsthenaredisproportionatedona sili-
conparticlebedtodepositsiliconandregenerate
SiF4,whichisrecycled(Figure7).Theoverallchemi-
calreactionsare:

(1) Formationof intermediate:

SiF4+ mgSi= 2SiF2(1350°C)

(2) Polymerformation:

xSiF2= (SiF2)x(- 30°C)

(3) Siliconproduction:

(SiF2)x= Si + SiF4+ SiyFz(850°C)

Separatestudiesweredevotedtoeachstepof the
process.Anoverallefficiencyforsiliconpurificationwas
calculatedtobe53%,andtheSiF4recoverywas95%.
Theseparatereactionswerecharacterizedforyieldsand
ratesasfunctionsofoperatingconditions,especially
temperatures.Mass-balancedatawereobtainedfrom
gaseousphaseandsolid-phaseanalyses.Preliminary
chemicalengineeringcalculationswereusedtodeter-
minetherelationshipsofreactorconditions,residence
times,andconversionefficiencies.Compositionanalyses
weredeterminedbyspark-sourcemassspectroscopy.A
methodofcomparingthedatafortheproductsiliconwith
dataforsemiconductor-gradesiliconwasthebasisfor
characterizingpurity.Theresults,however,wereambigu-
ous.Resistivitymeasurementsindicatedtheneedforfur-
therremovalofelectricallyactiveimpurities.

Thechemicalengineering,design,andcostingfor
a 1kg/hmini-plantwereconductedincollaboration
withRafaetKatzenAssociatesInternational,Inc.as
consultants.A conceptualdesignwasdevelopedfora
100-MT/yearplantinwhichtheestimatedcapitalcost
wasabout$6M.Aneconomicanalysisyieldeda prod-
uctcostof$7.7t/kg(1975dollars).

Thisprogramwasnotcontinuedthroughademon-
strationphasethatusedthemini-plant.Thedecisionto
terminatewasbasedona technicalevaluation.
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G. SODIUM REDUCTION OF SILICON
TETRAFLUORIDE

This program, conducted by SRI International, Inc.
under JPL Contract 954471, was intended to develop
a process based on the reduction of SiF4 by Na (Fig-
ure 8). The silicon-containing raw material was hydro-
fluosilicic acid (H2SiF6), a waste product of the fertil-
izer industry. In the process, H2SiF 6 is converted into
sodium fluosilicate (Na2SiF6). The latter is decomposed
thermally to yield SiF4. Most of the development effort
dealt with the reduction reaction, centering on studies
of the reaction kinetics, the conversion yield, product
separation, and purification techniques. The largest
reactor used for the chemistry studies was capable of
producing 1.4 kg of silicon in about 3 h. Experimental
results indicated that: (1) the precursor formation reac-
tions proceeded with good yields; (2) no problems in
scaling up were predicted; (3) the reduction reaction
could be controlled by SiF4 pressure, Na particle size,
and reactant concentrations; and (4) a liquid-liquid sep-
aration from NaF and other impurities was usable as a
first step in product purification. The second purifica-
tion step would be the use of a directional solidification
technique.

Several process variables that affect the rate of
reaction and the product yield were studied to deter-
mine the basis for a scale-up design. The size and
geometry of the reactor, the temperature, and the Na
addition method and rate were considered. Experi-
mental results indicated a modified Na delivery system
would be needed, that the silicon product purity would
be controlled by the Na purity, and that heat dissipa-
tion would become more critical with increasing equip-
ment size. In these experiments, the silicon product

was recovered from the by-product NaF by melt sepa-
ration and also by leaching. Composition analyses led
to the conclusion that a solar-grade silicon was attain-
able by a unidirectional solidification. Only the concen-
trations of B and AI would be near the critical values.

H2SiF 6 NaOH

PRECIPITATOR I

Na2SIF

I REACToRSiF4 PRODUCTION I

I CRYOLITE
PRODUCTION

CRYOLITE

NaF

J ISiF 4

Na -_ REDUCTION I
REACTOR

NaF

PURIFICATION I
REACTOR

Figure 8. SRI International Process Flow Diagram

The conclusions were that the use of carefully purified
Na and modifications of the reaction process would
lead to further decreases in contamination.

This program was terminated based on a technical
decision. The chemical engineering design of a second
stage apparatus and additional chemical engineering
studies for the further characterization of this process
were not done.

The development of this process continued at SRI
under private funding. Leaching and melting methods
are being used for silicon purification. Considerable pro-
gress was made in removing residual Na and other
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impuritiesfromtheproductsilicon.Datafromchemical
analyses,wafer,andsolarcellefficiencymeasurements
havebeenusedtodemonstratethehighproductpurity.
Anaverageproductionrateofabout0.5kgsilicon/h
wasreached.Thisdevelopmentisbeingcontinuedat
SRIInternational.

H. CARBOTHERMICREDUCTIONOFSILICON
DIOXIDE

Thefeasibilityofusingareactorwithaplasmaheat
sourceforthecarbothermicreductionoflow-impurity
silicato producelow-costsolar-gradesiliconwasinves-
tigatedbyTexasInstruments,Inc.underJPLContract
954412.Theproposedoverallreactionwas:

2500°C
2C+ SiO2_ Si + 2CO.

Acomputer-aidedthermodynamicanalysiswas
carriedoutusingiterativefree-energyminimizations.
Optimumconditionsforthereductionreactionwere
foundto beatemperaturerangeof2500to3000Kfor
a reactionsystemconsistingofsilicaandcarbonblack,
withthereductantabout2%inexcess.A computer
simulationofthemoleculardynamicswasusedto
generatedataontheformationofsiliconasaconden-
satefromahigh-temperatureplasmaatvariousquench
rates.Thedataindicatedamaximumintheyieldof
silicon,buttherequiredquenchratewasbeyondthe
experimentalvaluesandseemedtobetoofastto be
practical.Inreactionstudies,usingalaboratory-scale
experimentalreactor,themaximumamountofsilicon
foundinthesinteredcondensateproductwas33%.
The impurity levels in this product were reduced 10- to
100-fold from those present in the starting materials. A
temperature gradient of 600 to 1500 K was mapped in
the plasma flame. The results indicated a highly ineffi-
cient energy use because of poor heat transfer charac-
teristics of the plasma flame. These results, and the low
recoverable yields of silicon, were evidence of an unac-
ceptable process and the contract was ended.

I. ROTARY CHAMBER REACTOR FOR USE IN A
CLOSED-CYCLE PROCESS

This program, investigated by Texas Instruments,
Inc., under JPL Contract 955006, was intended to
develop a closed-cycle process for low-cost solar sili-

con using a rotary chamber reactor. SiHCI 3 generated
in a hydrochlorination reactor was to be thermally
decomposed. Laboratory-sized hydrochlorination and
rotary-drum reactors were designed and fabricated.
Preliminary experiments confirmed a capability for a

high yield of SiHCI 3. Up to 98% of the theoretical
value was obtained. A preliminary analysis of the pro-
cess cost based on this concept and using conser-
vative capital cost estimates gave a value of $7/kg
(1980 dollars, without profit). The program was termi-
nated because of budget restrictions.

J. HIGH-CAPACITY ARC-HEATER PROCESS

This program was conducted by Westinghouse
Electric Corp. under JPL Contract 954589. It involved
the development of a process (Figure 9) using existing
electric arc-heater technology to generate high system
temperatures for the reduction of SiCI4 by Na and for
the separation of the products. Completed as Phase t
were the demonstration of feasibility, an engineering
analysis of the process, and the design of a test sys-
tem to verify the reaction experimentally. The second
phase consisted of a detailed engineering analysis, the
installation of an experimental system, and the deter-
mination of the operating characteristics.

As a first task, thermodynamic yields as well as
the material and energy requirements for high-temper-
ature multicomponent-multiphase systems were calcu-
lated using a computer program based upon equilib-
rium constants and free-energy minimization. The
reductant candidates were H2, Na, magnesium (Mg),
and Zn. Results of the calculations led to the selection
of Na as the reductant. A similar set of calculations
was used to determine the maximum concentrations of
impurities possible in a molten-silicon product at the
operating conditions of the reactor.

The reduction reaction, characterized in small-scale
laboratory apparatus under conditions approaching those
planned for the process verification testing (a tempera-
ture of 3000 K), led to the following conclusions:

(1) A controlled reaction proceeds as predicted
from the thermodynamic calculations.

(2) Silicon can be separated and collected on a
wall at a temperature above the dew point of
NaCI.

(3) The condensation rate essentially is predicted
from the model calculations.

(4) Larger collection rates should be obtained in a
large-scale reactor because of increased heat
and mass transfer to the wall.

The model used for these comparisons was the one
developed for a large-scale system. Concurrently, the
nozzles for the introduction of the reactants in liquid aero-
sol form were tested and characterized. Both atomized

Na injection, using a sonic gas, and a novel peripheral
SiCI4 injection feed, were shown to be suitable.

Separation of the by-product NaCt as a gas and
the collection of the silicon product were crucial to the
success of this process. Two techniques for product
collection had been proposed by Westinghouse. In
one technique, the silicon nuclei and droplets could be
collected on high-purity seed material injected into the
reactor at a position following the chemical reaction
zone. This method was not favored because it intro-
duced additional problems involved in the preparation
of the seed and in accounting for the competitive action
of the homogeneous gas-phase nucleation. The preferred
technique was a low-temperature treatment followed by
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a high-temperature treatment. Silicon droplets were

formed in a high-temperature zone following the com-
paratively low-temperature reaction zone. The final col-
lected silicon product is the result of the agglomeration of
the droplets. Reaction and thermal analyses by West-
inghouse indicated the Na-SiCI 4 reaction was limited
by inadequate mixing, the Na conversion was limited to
about 10% because of a rapid temperature increase, and
pure molten silicon droplets could be obtained in a small
reactor length.

In February 1978, a 2-day critical review was held

to examine the proposed mechanism for the process
and the conclusions of Westinghouse. Attendees were
Professors T. Fitzgerald (now at TRW, then at Oregon
State University), S. Friedlander (now at University of
California at Los Angeles, then at Caltech), O. Leven-
spiel (Oregon State University), B. Liu (University of
Minnesota), and C. Yaws (Lamar University). Also
present were Dr. D. Roberts (now at SRI International,
then at Caltech), Dr. R. Gould (now at Universal Silicon
Company, then at AeroChem Research Laboratories),
D. Ciliberti, M. Fey, Dr. F. Harvey, E. Kothman, and
Dr. T. Meyer (Westinghouse), and A. Briglio, Dr. R. Lut-
wack, and Dr. A. Praturi (JPL). The review concen-
trated its discussions on the chemical and physical

phenomena involved in the Arc-Heater Process and on
the suitability of the various methods for the collection
of a pure silicon product.

An analysis of silicon collection by seeding was
done by the Caltech consultants. The recommendation
that use of seeding was impractical was based on
three major conclusions:

(1) The method would fail for large, initial saturation
ratios because of the rapid growth of small par-
ticles which are ineffectively collected.

(2) The method would succeed if homogeneous
nucleation could be suppressed, but the
operable temperature range is very small.

(3) The method becomes impossible if there are
turbulent temperature fluctuations.

An analysis by the OSU consultants concurred.
They added the statement that the calculated growth
of the seed particles would be too small to be worth-

while, even with the assumption of successful opera-
tion in the optimum temperature region. The unani-
mously favored mode of collection was by condensa-
tion through thermophoretic transport to the reactor
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wall.ThissolutionwasdescribedbyProfessorLiuand
wasagreedto withsomereservationsbytheother
consultants.Theproblemsoftheeffectsof siliconfog
werecited.Thethirdcollectionmodeconsideredwas
thegrowthofsilicononNadroplets,butthiswascon-
sideredtobeapoorchoicehavingseveralchemical
andphysicaldrawbacks.

Theconsensusofthereviewwasthatthesilicon
collectionproblemwasserious,thatthebestsolution
mightbedifficultto define,thattheoptimumoperating
conditionsmightbehardtocontrol,andthattheimple-
mentationmightbecostly.Despitetheinabilitytospecify
aclear-cutsolutionto theproblem,thiscolloquium
achievedtheintendedgoalsofcriticalanalysesofthe
problemandofitspossiblesolutions.

Thetestingfacilitywassizedwithareactorcapable
ofsiliconproductionof45.36kg/h.Shakedowntests
revealedsomedesignproblems,whichwerecorrected
withequipmentandcontrolmodifications.Forexample,
thearc-heatersweremodifiedto improveheattransfer.A
maximumgastemperatureof4000Kwasdemonstrated.

A testrun,abortedbyshutdownsetoffbya
flame-outconditionofthewasteburner,yieldedsilicon
material(97%) admixed with NaCI. The presence of the
NaCI in the silicon was attributed to an insufficiently high
wall temperature separation, causing the products to
condense together in the stream. The run verified that
the condensation technique for silicon collection on a
silicon skull wall was usable and that the kinetics under
these conditions gave an essentially complete reaction.
The need for modifications in some of the equipment
was determined from the engineering analysis of the
short-lived run. The complete demonstration of practical
silicon preparation and collection was not achieved. The
ability to separate the products completely remains to be
shown.

A preliminary economic analysis gave a product
cost of about $13/kg (1980 dollars) for a 3000-MT/year
plant.

The program was terminated after the one run
because of budget restrictions and a Project program
decision.
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SECTIONV

Eight Supporting Programs for Silicon
Material Process Developments

A. MODELS AND COMPUTER CODES TO
DESCRIBE SILICON-FORMING REACTIONS
IN FLOW REACTORS

Two very useful models and computer codes were
developed by Aerochem Research Laboratories, Inc.,
under JPL Contract 954862, for studying and predicting
the performance of high-temperature, two-phase flow
reactors. An example of the type of process that can be
studied using these codes was an analysis of the West-

inghouse's system being developed for the high-capacity,
arc-heater process involving the Na reduction of SiCI4.

CHEMPART was the first code developed. It is an
axisymmetric, marching code that treats the two-phase
flow with models that describe detailed gas-phase chemi-
cal kinetics, particle formation, and particle growth for
complex systems. This code, based on the AeroChem
Low-Altitude Plume Program (LAPP) code, can be used
to describe flow reactors in which reactants mix, react,
and form a particulate phase. Detailed radial gas-phase
composition, temperature, velocity, and particle-size
distribution profiles are computed. Deposition of heat,
momentum, and mass (either particulate or vapor) on
reactor walls also are described. The second code, a
modified version of the GENMIX boundary layer code, is
used to compute rates of heat, momentum, and mass
transfer to the reactor walls. This code lacks the detailed

chemical kinetics and particle-handling features of the
CHEMPART code. It has the virtue, however, of running
much more rapidly than CHEMPART, while treating the
phenomena occurring in the boundary layer in more
detail than can be afforded using CHEMPART.

These two codes were used to predict particle for-
mation characteristics and wall collection efficiencies for

SiCI4/Na flow reactors. It was found that large input
enthalpies (large H-atom inputs) are required to prevent
silicon droplet formation. In the case of the Westinghouse
reactor, enthalpy is supplied by introducing large quan-
tities of arc-heated H 2. However, large H 2 flows mean
short transit times of gas through the reactor resulting in
short times for wall collection of silicon. An important
expected application of these codes will be their use in

finding operation conditions where droplet formation may
be minimized and high collection efficiencies may still be
realized in reactors of the Westinghouse type.

Many types of systems can be treated and there

are many options for using a computer code the size
of CHEMPART. Neither code is fully tested in its cur-
rent form. Fuller development of these codes can be
achieved from modifications that would result from
more extensive applications.

B. KINETICS AND MECHANISMS OF SILANE
PYROLYSIS

The objective of this program carried out by
Aerochem Research Laboratories, Inc., under JPL
Contract 955491, was to characterize the kinetics and

mechanism of the formation growth of silicon particles
from the decomposition of silane at high temperatures.
The need for this study became apparent early in the
development of a reactor for the conversion of silane

to silicon in the UCC silane process. It was recognized
that considerable amounts of unusable fine particles of
silicon, formed in gaseous-phase nucleation reactions,
are produced under some conditions of the thermal
decomposition reaction. Experiments were aimed at
determining rates at which gaseous-phase species
form silicon-particle precursors, the time required to
produce particles, and the rate of growth of silicon
seed particles injected into the decomposing silane
environment.

A high-temperature, fast-flow reactor (HTFFR) was
modified to study the decomposition of silane and the
subsequent growth of particles. Particle growth mea-
surements were made as functions of temperature
(873 to 1473 K), pressure (50 to 550 torr), and resi-
dence time (0.5 to 30 ms). Optical diagnostics, con-
sisting of infrared absorption and Mie oscillations of
light scattering at 90 deg from helium-neon (He-Ne) or
argon (Ar +) lasers, were used to determine the apparent

growth rates and absolute sizes of the particles. The
extent of silane decomposition pressure was mea-
sured by infrared absorption spectroscopy. These
measurements determined the particle concentrations
corresponding to the particle growth measurements.
Particles were collected in the HTFFR observation

zone as a check on the optical measurements of the
particle concentrations. The growth of seeded-silicon
particles was studied in the complex environment
involving pyrolysis reactions of silane: temperatures
were 873, 1173, and 1473 K. Seeded particles were
either a commercial 5-#m silicon powder or samples
of the submicrometer powder product of the UCC FSR.
Attempts to observe silicon atoms and the molecular
species Sill, Sill2, and Si2H6 were unsuccessful.

Results of the HTFFR experiments are:

(1) An initial growth of particles occurs in an
induction period of about 1 to 2 ms at 1200 K,

producing particles of less then 0.05 #m
radius.

(2) The bulk of particle growth occurs in 1 to 20 ms
after the induction period, with the particles
growing to about 1 /_m or larger at 1200 K.
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(3) CalibrationoftheMieoscillationsbyMie
theorycalculationsagreeswellwiththedeter-
minationofparticlesizebySEM.

(4) Theparticleshaveahighlymonodispersesize
distribution.

(5) Particleconcentrationsdecreasewithincreasing
residencetime.

(6) Two kinetic processes, perhaps, are occurring at

the higher range of temperatures (> 1173 K).
This suggests that:

(a) There may be an optimum silane concentra-
tion above which further increases do not
increase the growth rate proportionally.

(b) Increasing the silane concentration
increases the particle concentration to a

limiting value.

(c) Seeded particles grow faster with increas-
ing temperature.

A model was presented to explain the growth of
silicon in a decomposing silane environment.

C. FINE PARTICLE GROWTH IN A SILANE
FREE-SPACE REACTOR

The FSR was the first apparatus investigated by
UCC for the thermal decomposition of silane-to-silicon.
Studies were extended theoretically and experimentally
at JPL by Dr. H. Levin, using the constant flow pyrolyzer
and silane-to-molten silicon reactors. The primary prob-
lem encountered was the difficulty in handling, transport-

ing, and melting of the fine particle product of mean
mass diameter in the range of tenths of a #m. Contami-
nation, because of the large surface area, also was a

major concern.

Research at Caltech by Professor R. C. Flagan,
under Work Order 61 51 5, was started in 1980. The

program objectives were:

(1) To describe the theory of formation and
growth of particles in the silane system.

(2) To develop a reactor and reaction conditions
for the growth of particles large enough to
serve either as seeds for a silane-FBR or as a
material suitable for direct melting.

In the first phase of the research, the theory of
nucleation quenching by aerosol particles was extended,
and conditions for growing larger particles were described.
Design of a small, two-stage aerosol reactor was based
on the theoretical analysis. A first stage generated the
particles by homogeneous nucleation and a second

stage controlled the conditions of sitane concentration,
temperature, and gas velocity to accentuate particle
growth while inhibiting the formation of new particles.
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Using 1 and 2 % silane, particles smaller than 0.5 #m
were grown to particles having a mean mass diameter of
6.2 #m, and to 9.2 #m, respectively. Electron micro-
scope examination showed the few particles of > 38/_m
in diameter to have a fine structure, suggesting that this
growth occurs by a combination of chemical vapor
deposition and the scavenging of small clusters.

In further studies, emphasis was placed both on

refining the model and on growing particles formed by
homogeneous nucleation to > 10 #m diameter to
enable particle collection from the gas. The experimental

apparatus design was based upon the following:

(1) Particle generation by homogeneous nuclea-
tion

(2) Maintenance of conditions for CVD growth on

the particles while significant supersaturation
of the nuclei is prevented by dilution with addi-
tionai silane. The rate of the gas phase reactions
is limited to allow condensible products to dif-
fuse to the particles' surfaces as fast as they are
produced. A kinetic model was developed to
describe the nucleation and growth process
more accurately than previously had been
possible.

A three-stage reactor was constructed to better
control the reacting system and to provide additional
data for correlations with the model. Seed particles,
formed in the first stage, were grown to about 2/_m in

the second stage and then to >10 #m in the third
stage. The experimental separation between particle
growth and runaway nucleation was found to be very
sharp. A 17% increase in Sill 4 concentration, for
example, was shown to cause a 104 increase in the
number concentration of particles. Thus, small varia-
tions in operating conditions can result in catastrophic
results. Under carefully controlled conditions, however,
> 10 #m particles were grown avoiding runaway nucle-
ation. The particles could be fused in a high temperature
zone for about I s, yielding densified particles more
amenable to separation from the gas by aerodynamic
means.

The model and the process for particle formation
and growth are not restricted to the growth of silicon
particles from silane. Other reaction systems can be
used in this aerosol reactor and the process for particle

production is applicable if the gas-phase, nucleation-
reaction rate can be controlled and limited. Thus,

powders of Uesired size particles of other materials can
be grown in a similar fashion.

D. CHEMICAL ENGINEERING AND ECONOMIC
ANALYSES

Contracts for independent chemical engineering

analyses and economic estimates of the Task process-
development program were instituted at Lamar Univer-

sity (JPL Contract 954343 and Texas Research and
Engineering institute (JPL Contract 956045). These



studiesweretoprovidenecessaryadditionalinforma-
tionforevaluationsandcomparisonsof thedevelop-
mentefforts.Partofthechemicalengineeringanalyses
involvedstudiesofthechemical,physical,andtransport
propertiesofthereactantsandof thecharacteristicsof
theprocesssystems.Extensiveexperimentalandlitera-
turedescriptivedatawereobtainedforSill4,SiCI4,
SiHCl3,SiH2CI2,SiF4,andsilicon,includingtheproper-
tiesofcriticaltemperature,criticalpressure,critical
volume,vaporpressure,heatofvaporization,thermal
conductivity,heatofformation,Gibbsfree-energyoffor-
mation,andgasviscosityforchemicalreactantsand
intermediaries.Thedatawerepresentedasfunctionsof
temperaturetofacilitatetheiruseinresearch,process
development,andproductionengineeringanalyses.

Thechemicalengineeringanalysesincluded
activitiesfortheformulationofthebaselineconditions
fortheprocessbeingexamined,includingreaction
chemistry,processflowsheet,materialbalance,energy
balance,propertydata,equipmentdesign,majorequip-
mentlist,andproductionlaborrequirements.Detailed
dataforrawmaterials,utilities,majorprocessequip-
ment,andlaborweregivenintheprocessdesign
packages.These,inturn,formedthebasesforthe
economicanalyses.Primaryresultsoftheeconomic
analyseswerecalculationsof theplantcapitalinvest-
mentandproductcost,wheretheproductcostincludes
thedirectmanufacturingcost,theindirectmanufactur-
ingcost,plantoverhead,andgeneralexpenses.Market
priceswerecalculatedtakingintoaccountaprofit
measuredintermsofthediscountedcashfloworof
returnoninvestment.

Economicanalysesinvolvingpreliminaryprocess
designsfor1000-MT/yearproductionplantswerecom-
pletedforthefollowingprocesses:

(1) TheBattelleColumbusLaboratoriesprocess
fortheZnreductionofSiCl4ina FBR.

(2) TheconventionalSiemenstechnologysilicon
chemicalvapordepositionfromSiHCI3.

(3) TheUCCprocessforgenerationofsilaneand
itsconversiontosilicon.

(4) TheHSCprocessforthegenerationofSiH2CI2
andthedepositionofsiliconina modified
Siemensreactor.

Costandprofitabilityestimatesfromtheseanalyses
areshowninTable4.

E. HYDROCHLORINATIONOFMETALLURGICAL-
GRADESILICON

Theimportanceof thehydrochlorinationreactorin
boththeUCCsitaneprocessandtheHSCdichlorosi-
laneCVDprocessnecessitatedadditionalinvestiga-
tionstofullycharacterizethereactoranditsoperating

Table 4. Economic Analyses for Various
Prefiminary Process Designs for
lO00-MT/Year Silicon Production
Plants

Process

Sales Price

Product Cost $/kg
$/kg (1980 Dollars)

(1980 Dollars) 20% ROIa

Union Carbide 9.66 15.10

Battelle Case A b 12.08 19.50

Battelle Case Bb 11.07 17.20

Conventional 53.77 -
Siemens

Hemlock 22.65 37.80
Semiconductor

aReturn on investment.

bCases A and B differ in the size and number of

electrolysis cells.

conditions. These studies of the reactions of mgSi,
H2, and SiCI 4 to generate SiHCI 3 consisted of:

(1) Reaction kinetics as functions of temperature,
pressure, and H2/SiCI4 feed ratio.

(2) The effects of the Cu catalyst and the mgSi
particle size on the reaction rate.

(3) The dependence of the reaction characteristics
on extended reaction times.

(4) The behavior of candidate materials of con-

struction in the corrosive atmosphere of the
reactor.

The results and conclusions of these studies, car-
ried out by MIT under JPL Contract 955382, were:

(1) Conversion of starting material to useful product
is essentially 100%. With rising temperature, the
reaction rate increases rapidly and a higher
conversion occurs. Although the rate of
approaching equilibrium decreases with pres-
sure, the conversion percentage increases. A
higher SiHCI 3 yield takes place with increas-
ing H2/SiHCI 3 ratios, but the reaction rate is
reduced.

(2) Reaction rate is independent of silicon particle
size in the range of >37 to 595 #m A 2 wt %
Cu catalyst increases the rate twofold com-

pared to the noncatalyzed reaction.

(3) No change in reaction rate was observed after
several hundred hours of reaction.
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(4)Type 304 stainless steel and Incolloy 800H
showed no significant corrosion under the reac-
tion conditions. Apparently, formation of a .
silicide film serves to protect the reactor wall.
Thus, previously observed corrosion problems
appear because of subsequent reactions in a
moist atmosphere and not to the effects of the

hydrochlorination reactions under controlled,
dry conditions.

These studies provided substantial evidence that
the hydrochlorination reaction can produce a high
SiHCI 3 yield from mgSi. This reactor, therefore, offers
an essential link for a closed4oop process in which

mgSi is the basic feed material and H2 and SiCI4 are
recycled byproducts of the process.

F. RADIANTLY HEATED FLUtDIZED-BED REACTOR

The objective of this research, by Professor O.
Levenspiel at Oregon State University under JPL Con-
tract 956133, was to examine radiant heating of the

particles of a fluidized bed as the first step in considera-
tion of alternative heating methods for the silane FBR
system. Proposed advantages include avoidance of
heating through the reactor walls to prevent deposition
of silicon on the walls, the capability of conveniently
separating the distributor from bed heating, and the
likelihood of more efficient heating.

Two important characteristics of the system were
evaluated. The first involved effective absorptivity of the
bed, i.e., the fraction of electrical energy supplied to the
heater that is absorbed by the bed particles. It involves
the geometry and position of the heaters, the absorptivity
of the bed, and the heat flow in the bed. Heat flow in
fluidized beds is rapid and primarily dependent on the cir-
culation rate of the bed solids and the bed configuration.

The second important characteristic evaluated was
the heat transfer coefficient between the hot bed and
the cool distributor plate. Reactor design depends on
this factor.

All experiments were performed in a nonreacting
system without silane. Conclusions from the experi-
ments were:

(1) The effective absorptivity of radiant energy by
the bed and the heat transfer coefficient
between the bed and the distributor are inde-

pendent of the lamp power.

(2) The bed absorptivity is:

(a) Only affected by bed height insofar as it
changes the distance from the source.

(b) Increased sharply with gas velocity.

(c) Dependent on the reactor geometry.
Designs yield higher values if they favor
violent bed-bubbling with more particles
ejected into the freeboard.
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(3) The neat transfer coefficient is dependent on the
reactor geometry. The sequence of values is
round > round-tapered > square-tapered >

square.

These conclusions were applied to calculations for
a scaled-up reactor operated under conditions of a
700°C bed and < 300°C temperature at the distributor.
The distributor temperature could not be maintained
using either a square or a round configuration. Config-
uration options were a conical bed without a distributor,
a muttiorifice or multicone bed, and a tapered bed with
the cross-sectional areas of the distributor and surface

dependent on the energy level needed for the bed tem-
perature. The rough estimate of energy use for the
silane system using a multiorifice configuration was
0.4 kWh/kg silicon.

Demonstration of the feasibility of heating a FBR in

this manner requires an extension of this study so that
other factors could be investigated. Factors of concern
include the proper particle size distribution of the bed,
steady-state operating conditions, methods for the intro-
duction of the seed and the removal of the product,
materials of construction, and the proper radiation
source for a specific system.

No further research in radiant heating of FBRs was
carried out.

G. HYDROCHLORINATION OF METALLURGICAL-
GRADE SILICON

This program, investigated by Solarelectronics,
Inc., under JPL Contract 956061, was a continuation
of the investigations performed under the JPL contract
with MIT. It called for extended studies of thermo-

dynamic properties and of reaction kinetics of the
hydrochlorination reaction with larger ranges of pres-
sure and temperature as the main variables. Study of
corrosion phenomena under the reaction conditions for
hydrochlorination was continued.

Studies of reaction kinetics showed that although
the conversion yield of SiHCI 3 increases with pres-
sure, the conversion rates decrease. The rate and

yield increase both with temperature under isobaric
conditions and with the H2/SiCI 4 ratio. The overall
reaction followed a pseudo-first-order kinetics model.
Variation of the first-order rate constant with tempera-

ture gave a value of 13.2 kcal/mol for the activation
energy.

Deuterium isotope kinetics effects revealed no
isotope effects, indicating that H2 is not directly
involved in the rate-determining step of the reaction.
Based on this result, a model of the reaction
mechanism was proposed.

Corrosion tests were carried out for 87 h under

reactor conditions of 300°C, 300 Ib/in. 2 gauge, and a

H2/SiCI4 feed ,atio of 2.0. The system contained
0.5 % HCI and a mixture of chlorosilanes. Materials



testedwerecarbonsteel,Ni,Cu,Monel,304stainless
steel,Incolloy800H,andHastelloyB-2.Allofthe
samplesgainedweightbecauseofsilicidefilmformation.
AnalysisbySEMrevealeddiffusionofsiliconintothe
basemetal.Theresultsshowedthatfilmdepositions
weregreaterformetalsthanfortheiralloysandthat
alloyswiththehighermeltingelementspermittedthe
leastamountsoffilmformation.Thus,stainlesssteel,
Incoloy800H,andHastelloyB-2aresuitablematerialsof
constructionforthehydrochlorinationreactor.

Becausestudiesofreactionkineticsdemonstrated
thatthehighestpracticalpressureandtemperatureare
thebestconditionsforhydrochlorinationofmgSi,UCC
selectedvaluesof500°Cand515Ib/in.2absolute.
Thecorrosiondataareexpectedto beusefulinreac-
tordesignandindefiningoperatingconditions.

H. MODELINGOFFLUIDIZED-BEDREACTORFOR
PRODUCTIONOFSILICONFROMSILANE

Thisstudy,conductedatWashingtonUniversityat
St.LouisunderJPLContract957158,involvedthe
developmentofamathematicalmodelto simulatethe
silaneFBR.Themodelalsowastobeusableforthe
systematicoptimizationofthereactorby:

(1) Investigationofthesensitivityofthemodelto
assumedconstitutiverelationshipsand
parametervalues.

(2) Interpretationoftheexperimentaldata.

(3) Predictionoftheoperatingconditionsandper-
formanceofthereactor.

(4) Analysisofthereactordesign.

Theworktaskswere:

(1) Todevelopthephenomenologicalrelations
andconstitutiveequationstodescribethe
reactionsystem.

(2) Todevelopthemodelequationsforthegas
andsolidphases.

(3) Todevelopacomputationalalgorithmforsolv-
ingthemodelequations.

(4) Tocomparepredictionsobtainedfromtheuse
ofthecomputerprogramwiththeexperi-
mentaldata.

(5) Toidentifytheprimaryparametersandoutline
a programtoverifythemodel.

Asthefirststep,thereactionpathsforsilane
pyrolysisandsiliconformationwerereviewed,andthe
growthofseedparticlesbyCVDandbythescaveng-
ingoffineswasdescribed.Thehomogeneousgas-
phasesequenceof reactionsleadingtothenucleation
offineparticlesandthegrowthoftheseparticlesby
CVDandcondensationofthenucleiwasdetailed.It
wasshownthatCVD,andnotdiffusion,wouldbethe
rate-limitingstepforparticlegrowthinFBR.

BecausethepromotionofCVDonseedparticles
andthesuppressionof homogeneousnucleationto
formfineswasthedesiredoperation-modeofthe
silane-FBR,themodelingeffortusedthesepathsas
circumstancesforanalyzingthemodel.Themodeling
approachwasontwolevels.First,amodelwas
developedbasedonidealmixingofgasandsolids,
thecontinuousstirred-tankreactor(CSTR).Because
perfectmixingandgas-solidscontactareassumed,
theuseofthismodelgivesanunderestimationofthe
amountoffinesproducedandprovidesanupperlimit
fortheratesofdepositionontheseedparticles.

Thesecondmodelwasderivedfromstate-of-the-art
modelsofbubblingreactors(FBBR),andamuchmore
completecharacterizationwasintroduced.Grid,bubble,
andemulsionregionswereseparatelyaccountedfor.
Theratioofthejet-emulsionandbubble-emulsion
exchangecoefficients,whichcanbecalculatedfrom
availablecorrelations,wasusedastheoneadjustable
parameter.Thereisnoadjustableparameterinthe
CSTR.Materialandenergybalanceswerewrittenfor
eachregion,andexchangesbetweentheregionswere
allowed.

Reasonableagreementwasfoundbetweenthe
predictionsoftheCSTRmodelandJPLexperimental
data,indicatingexcellentgas-solidcontactin thereac-
tor.However,theFBBRpredictionsonlyapproached
theexperimentalresultsatveryhighjet-emulsion
exchangecoefficients.BecausetheJPLexperiments
wereshortruns,however,therelativelysmallchanges
of theseedparticlediameterslimitedtheaccuracyof
thedata.Thispreventedasharpdiscriminationbetween
theCSTRandFBBRmodelsaswellasanevaluationof
theadjustableparameteroftheFBBRmodel.

Parametricsensitivityanalysesofmodelpredictions
indicatedthereactorperformancecanbeaffectedby
feedrate,feedsilaneconcentration,bedtemperature,
particlesize,andreactordesign.Whenadjustable
operatingconditionswerefixed,reactorperformance
wasdramaticallyaffectedbythedistributorplate
designandbytheextentof gas-solidcontactinthe
plateregion.Goodcontactresultsinsignificantreduc-
tionsoffinesformationandelutriation.Thechoiceof
kineticparametersforthevarioussilanereactionpaths
hada lessdramaticeffectonreactorperformance.
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Interpretationofexperimentalresultsandquantifi-
cationoftheeffectsof designandoperationvariables
onseedparticlegrowthrateandfineselutriationwere
derivablefromtheFBBRmodelandtheCSTRmodel
providedanupperlimittothedepositionrateonthe
seedparticles.Thesetypesofanalysescanbeuseful
inplanningexperimentsandobtainingdatathatcan
formthebasisforoptimizingreactordesignandopera-
tingconditions.Completeverificationofamodel,
however,willrequire:

(1)

(2)

(3)

Data for more substantial seed particle
growth

An improved model of the distributor plate
region.

More reliable kinetic data for the different

reaction paths of silane pyrolysis.
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Effects of

SECTION Vl

Impurities on Silicon Properties and
Solar-Cell Performance

A. EFFECTS OF IMPURITIES AND PROCESSING ON
SILICON SOLAR CELLS

This program, conducted by Westinghouse R&D
Center, under JPL Contract 954331, was for the study
of the effects of impurities, processing procedures,
and contaminant interactions on the properties of sili-
con and the performance of terrestrial solar cells. In

turn, this relationship permits chemical engineering
and production plant design analyses of requirements
for process purification units.

During the program, Cz, float-zone (FZ), and poly-
crystalline ingots, prepared by Dow Corning Corp., as
well as dendritic web ribbons, were grown with con-
trolled additions of impurities, using boron and phos-
phorus as the electrical dopants. Impurity elements
included those present in mgSi, the raw material used
for many refining processes, and those impurities that
might be added adventitiously from subsequent process-
ing in the production of single-crystal ingots, wafers, and
solar cells. The elements studied as impurities were Au,
Ag, AI, C, Ca, Cr, Co, Cu, Fe, Mg, Mn, Nb, Ni, Pd, Sn,
Ta, Ti, V, W, Zn, and Zr. Impurity concentrations ranged
from 1011 to 1018 atoms/cm3.

A functional analytical model was formulated in
Phase I of the study. It was consistent with the hypothe-
sis that impurity atoms act independently and primarily
degrade minority-carrier recombination lifetime and
reduce the short-circuit current of a solar cell. The cell

parameters of open-circuit voltage (Voc), short-circuit
current (Isc), and cell efficiency were related to the
concentrations of the impurities. Data, obtained from
52 Cz ingots and 44 dendritic web specimens delib-
erately doped with particular impurities, were shown to
conform closely to the model. Effects of different

impurities were distinctive and varied greatly. For
example, a 10% decrease in baseline cell efficiency
was caused by as few as 1012 atoms/cm3 of Ti or V
while more than 101 5 atoms/cm3 of Cu were needed

for the same effect. The behavior of multiply doped
materials and cells was successfully predicted using
the model and experimentally measured relations of
lifetime and efficiency values.

By using crystal-growth impurity-partitioning
behavior and the relationships derived in this study for
the effects of specific impurity concentrations on solar
cell properties, tolerable impurity concentrations for a
polycrystalline material feedstock for Cz processing
were estimated. As a consequence of the specific
effects on cell performance (Table 5), the degree of
impurity toleration in the feedstock is primarily species-
dependent. The limiting condition for acceptable purity
for a certain crystal growth rate depends on the selected
solar-celt performance level and not crystal breakdown.

Rather than sequential feeding, continuous feeding is
advantageous when using a melt-replenishment method
because of differences in the impurity build-up as a func-
tion of the volume of crystal grown. The yield of single-
crystal ingot, however, is dependent on the total impurity
concentration and on the conditions of ingot diameter,
rate of pull, and melt-replenishment strategy.

Table 5. Calculated and Measured Relative Cell
Efficiencies for Ingots Used to Model
"Solar Grade" Feedstock

Co C s

Impurity 1019cm-3 ppma 1014cm-3 ppma

Cr 0.73 146 0.8 0.001 6

Mn 0.62 124 0.8 0.001 6

Ni 1.60 320 5.0 0.01

Ti 0.01 7 3.4 0.0033 --

V 0.01 5 3.0 0.06 --

Total 2.97 596 6.6 0.01 32

_H/o(calc) = 0.93 -+0.02 T//_o(meas) = 0.89_+ 0.03

AI 0.0033 0.66 10 0.02
Cr 0.18 36 0.2 0.0004
Cu 0.10 20 8 0.016
Fe 0.31 62 0.2 0.0004
Mn 0.15 30 0.2 0.0004
Mo 0.33 66 0.0015 --
Ni 2.50 500 8 0.016
P 0.0003 0.06 9 0.018
Ti 0.02 4 0.004 --
V 0.01 2 0.004 --
Zr 0.46 92 0.004 --

Total 4.0 804 35.6 0.071

_/r/o(calc) = 0.89 _+0.03 rt/-,-/o(meas) = 0.83 _+0.03

The efficiency of a typical baseline device is 7o,
about 10% without AR coating.)

Phase II studied the effects of thermal treatments,
crystal growth rate, base doping concentration and type,
grain-boundary structure, and carbon-oxygen metal inter-
actions. Data from more than 4000 cells firmly established
that impurity-induced cell-performance loss is primarily
caused by the reduction in base diffusion length. An
analytical model based on this conclusion was devel-

oped to predict cell performance as a function of metal-
impurity content for both n-base and p-base materials.
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OnlythedataforFe,Cu,andNideviatedfromthe
model.Detailedcurrent-voltagestudiescoupledwith
metallographyindicatedthatthesevarianceswere
causedbyjunctionexcesscurrentsinducedbyprecipi-
tates.Figures10and11showtherelationshipsofspe-
cificimpurityconcentrationstosolar-cellperformance
decreases.FortheimpuritiesTi,V,Cr,andMn,consider-
ablylesscell-performancereductionoccurredinn-base
cells.Thedatatodemonstratethatthisisageneralcon-
clusionwerenotobtained.Experimentsindicatedthat
efficiencyreductionsarenearlythesameforthesame
impurityconcentrationsinlow-(0.2ohm-cm)andhigh-
(4ohm-cm)resistivityp-basecells.Thisledtothe
hypothesisthatinthelow-resistivitymaterial,band-gap
narrowingcombinedwiththecreationofexcessnum-
bersoftraps(comparedtothehighresistivitymaterial)
compromisethebeneficialeffectsofthelargerVoc.
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Figure 10. Impurity Effects on Cell Performance
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Figure 11. Impurity Effects on Cell Performance:
Pictorial Representation o! Comparative
Values

In preliminary studies with polycrystalline cells,
decreases in cell performance were shown to be
impurity-species-sensitive. Large fractions of the
impurities were found to be segregated at the grain
boundaries.

Trade-off analyses, using data for cell efficiency-
impurity effects, were proposed to determine polysili-
con impurity concentration limits for processing steps.
For single-crystal growth methods that involve large

segregation (;oefficients, e.g., Cz and dendritic web,
the limits were estimated to be about 1 ppba for ele-
ments such as li, which cause severe efficiency
degradation, and as much as 100 ppma for relatively
innocuous elements such as Ni. A scheme was devel-

oped to enable determinations of acceptable impurity
limits as functions of the assigned cell efficiency, crys-
tal growth method, melt replenishment strategy, and
cell process sequence.

In Phase II!, studies were continued of the effects

of thermochemical gettering treatments, base dopant
concentration and type, and grain boundary-impurity
interactions, along with investigations of the effects of
non-uniformity of impurity distribution, long-term pres-
ence of impurities, and synergistic--complexing phe-
nomena. Gettering action was shown to be directly
dependent on the magnitudes of the diffusion coeffi-
cients of the impurities. No evidence was found to indi-
cate large effects of nonuniform impurity distribution
on cell performance for variations of + 10%. Data
obtained for aging experiments at high temperatures
showed that additional decreases in cell performance
are functions of diffusion rates. Projected stabilities for
Mo and Ti are greater than 20 years.

Detailed analyses of some polycrystalline cells
showed that the relationship of the impurity concentra-
tion and lifetime: within grains was similar to that
obtained for single-crystal material. Electrical activity
of impurities decreased because of precipitation in the
vicinity of grain boundaries, and this reduction was
directly related to the specific impurity diffusion coeffi-
c lent.

The extensive database and the model equations
derived in these studies can be used for the assess-

ment of the usefulness of a silicon material, with a
specific composition, for a specific process sequence
and desired end use. Conversely, these results also
allow the specification of material composition ranges
and process sequence variations for desired end uses.
Preliminary analyses derived from an extension of the
impurity-effects model to high-efficiency PV cells indi-
cated that the sensitivity of cell performance to impuri-
ties would increase. The increased sensitivity would
be found in wide-base cells and medium-base cells

with back-surface fields or passivated surfaces, but
would be significantly reduced in cells with narrow
(about 100 Fm) base widths.

These studies have provided experimental data
and analytical models to explain the effects of impuri-
ties on the properties of silicon materials and the per-
formance of PV cells. This was done for many cases
of interest to the research and industrial communities.

In some cases_ the descriptions are limited and the
conclusions are not yet proven to be universal. In
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theselatterinstances,thescopeofthestudiesneeds
tobeextended.Specifically,theareaofhigh-efficiency
cellsneedstobeinvestigatedfullytocharacterize
impurityeffectsforadvanced-stagecells.

B. EFFECTSOFIMPURITIESONSILICONSOLAR
CELLPERFORMANCE

Thisprogram,carriedoutbyMonsantoResearch
Corp.underJPLContract954338,wastostudythe
correlationof impurityconcentrationswiththeperform-
anceofsolarcells.Single-crystalingotsdopedwith
controlledamountsof AI,C,Cr,Cu,Fe,Mg,Mn,Na,
Ni,O,Ti,V,orZr,werepreparedusingtheCzandFZ
procedures.Energy-conversionefficienciesweremea-
suredagainstastandardsolarcell.Mostimpurities
causedsomedegradationofcellefficiency.Themost
severeoccurredinthepresenceofTi,V,orZr.Using
a10%decreaseinefficiencyasacriterion,theper-
missibleimpurityconcentrationswereshowntovary
greatlyfor p-on-ncellsmadefromFZsiliconmaterial.
Forexample,thevalues(in1015atoms/cm3)were:
0.02forTi,0.2forV,2.0forZr,5.0forCr,6.0forFe,
20forNi,80forC,and50for AI.

A modelwasdevelopedto allowcomparisonsof
impurityconcentrationsandvaluesoftheminoritycarrier
recombinationlifetime.A directrelationshipbetweencell
efficiencyandlifetimewasshown.Comparisonsofthe
cellsmadefromCzandFZmaterialsindicatedthatthe
efficienciesofthebaselinep-typecells(madefrom
undopedsilicon)wereabout12% more efficient for
the baseline Cz cells and that FZ cells with secondary
impurities were about 18% more efficient than the equiv-
alent Cz cells. This difference in performance was related
to the differences in oxygen and carbon content. There
was a close correlation between base material minority
carrier lifetime and cell efficiency. Diffusion and other pro-
cessing steps caused parallel changes in these values for
materials containing impurities. This result indicates that
the measured quantities for solar cells, whether fabri-
cated from pure or contaminated materials, are sensitive
to the cell-processing conditions. For example, the
minority carrier lifetime was found to increase during the
diffusion step for materials containing Fe, Cr, and Mn.

Thepresence of oxygen at a concentration of about
101 8atoms/cm3 in Cz silicon and < 1016 atoms/cm3 in

FZ silicon seemed to affect the fill factor, which was
found to be an average of 8% higher in the low-oxygen
cells. Extended studies were recommended to determine

the effects of processing on silicon materials, oxygen on
impurities in silicon, impurities on n-base materials, and
the presence of more than one impurity.

C. LIFETIME AND DIFFUSION-LENGTH
MEASUREMENTS

Obtaining accurate, sensitive, and reproducible
data for minority carrier recombination lifetime and dif-
fusion length was essential in the investigations of
impurity effects on cell performance by Westinghouse,

et al. A study, conducted by Northrop Research and
Technology Center under JPL Contract 954614, was
to assess the applicability of specific measurement
methods to various ranges of values, to determine the
characteristics of these measurements, and to associate
the interconsistencies of the methods.

The first task was to verify the mutual consistency
of the different measurement techniques. Minority car-
rier lifetime was measured using the method of tran-
sient photoconductivity decay (PCD) and steady-state
photo-conductivity (SSPC). Diffusion lengths were deter-
mined on solar cells and other test structures by short-
circuit measurements using either point-source excitation
from a 60Co gamma source or band-edge light.

There was excellent agreement between a bulk
measurement and a device measurement of diffusion

length, and moderate agreement between the diffusion-
length equivalent lifetime and the lifetime measured by
photoconductivity decay. In the course of establishing the
generation rate in the SSPC method, earlier conclusions
were confirmed concerning errors induced into bulk life-
time measurements by trapping effects, despite the use
of background light to fill the traps. The disagreements
between the measurements of the diffusion length life-
time and the PCD lifetime in the p-type sample was
found to be consistent with trapping effects on the life-
time measurements. Some fast trapping was present in
all of the bulk samples measured, and this conclusion
was demonstrated by the fact that considerable back-
ground light was required in all cases to fill traps in SSPC
measurements.

The bulk lifetime data, obtained by steady-state
photoconductivity measurements for the impurity-
doped samples (from the JPL contracts with Westing-
house, Dow Coming, and Monsanto), confirmed the
extreme sensitivity of lifetime to the presence of Ti, Cr,
Fe, and Zr. The cases of Fe and Cr were especially
well-behaved in that the concentration dependence
approximated the (-1) slope. For V, Mn, and Mg, the
apparent lifetimes were larger for the more heavily

doped specimens, thus indicating trapping effects on
the measurements. The lifetimes seemed to be con-

siderably less sensitive to the presence of AI, Ni, and
Cu. In the case of Ni, and possibly AI, this may have
occurred because of the low fraction of the total con-

centration that is electrically active.

The lifetime data derived from diffusion length
measurements on devices indicated that lifetime is most

sensitive to the presence of Ti, V, Fe, Cr, and Mn. A
much smaller sensitivity was found for AI and Cu. Insuf-
ficient data were available to characterize Zr and Mg.
Data for devices indicated somewhat greater sensitivity
to the presence of Cr, Ti, and Ni than was observed in
the bulk samples, although sensitivity to Fe in the
device data was considerably reduced. General agree-
ment was found with the conclusions of the Westing-
house and Monsanto studies regarding the sensitivities
of these values to the presence of various impurities.
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Theresultsofthismeasurementsprogramwere:

(1) Verification of the consistency of values among

the very different experimental methods for
measuring lifetime and diffusion lengt h .

(2) Establishment of the SSPC method for mea-
surements to about 10 ns as well as under con-

ditions of interference from minority carrier
trapping and surface recombination.

(3) Verification of the extreme sensitivities of

lifetime values to the presence of specific
impurities and the concentration dependencies
found by others.

D. STUDIES OF THE EFFECTS OF IMPURITIES

This program of theoretical and experimental
studies, investigated by C.T. Sah, Inc. under JPL Con-
tract 954685, was directed toward determining the
effects of impurities on the properties of silicon and on
the characteristics of solar cell performance. The
studies took into account impurity effects on impurity-
related energy levels and on the density of the energy
levels and recombination-generation properties of elec-
trons and holes at the energy levels. The objectives of
the studies were to develop a mathematical model for
the prediction of impurity effects on cell performance
and to conduct theoretical and numerical analyses of

the effects of specific impurities and processing steps.

In the first phase, mathematical and computer
models were developed for the one-dimensional solar
cell diode. A transmission-line-equivalent circuit model
was formulated for computation of the exact steady-
state characteristics. Effects that were studied are the
substrate dopant impurity concentration, second-
coupled recombination level, spatial variation of the
recombination-center density and diffused surface
impurity concentrations on the maximum intrinsic effi-
ciency, short-circuit current, and Voc. A new technique
was suggested for the measurement of the base lifetime
using a small-signal transient under illumination at the
short-circuit maximum-power condition to provide better
lifetime-cell performance correlations.

Using the model, solutions then were obtained in
studies of the effects on cell performance of interband
Auger recombination, surface recombination at the con-
tact interfaces, enhanced impurity solubility, diffusion
profiles, and defect impurity-recombination centers.
Specific cases were considered of Ti and Zn as impuri-
ties in high-efficiency back-surface field (BSF) cells.

Also investigated were the complex dependences
of the peak conversion efficiency of a BSF solar cell on
thickness and on the concentrations of recombination

and dopant impurities. More than 100 computer-aided

cell designs were obtained using the transmission line-
circuit model to solve the Shockley equations. A broad
maximum, which varies less than 1% over more than a
3:1 range of cell thickness from 30 to 100 mm, was
found for the efficiency-thickness function. An optical
reflecting back surface gave only a slight improvement
in this thickness range.

The effects of electrical short circuits across the

BSF junction at the perimeter of a cell were analyzed by
applying low-level, one-dimensional analytical theory to
a developed cell geometrical device model. For small-
area, thin, large-base-diffusion-length cells, the reduction
in Voc and efficiency can be so large that the edge
defects almost completely nullify the performance
improvement obtained using the BSF junction.

Another analysis dealt with quantitative effects of
cell thickness, defect area, defect density, and inter-
face or surface recombination velocity at the defective
area on the Voc of a BSF solar cell. A developed
perimeter device model was used to show:

(1) Decrease in Voc is nearly independent of the
defect area with a dimension less than about

30% of the minority carrier diffusion length in
the base.

(2) Decrease in Voc is mainly caused by the den-
sity of the defect.

(3) The presence of only one defect of small area
across the BSF junction will cause significant
reduction in the Voc of a high-efficiency cell.

(4) Reduction in the Voc, as a consequence of
defects across the BSF junction, increases as
the cell is made thinner.

(5) A defect area acts essentially as an electrical
short circuit across the BSF junction.

The conclusion of this study was that material and
fabrication defects across the BSF junction of high-
efficiency cells (even the presence of one defect) can
be the major obstacle to high Voc and high efficiency.

In the study of the exact numerical solution of the
dependence of the fill factor and efficiency in impurity-
doped BSF cells on cell thickness, two new features,
not predicted by the low-level analytical theory, were
shown to be associated with the high-injection-level
effect in the base. A new theory was developed to dis-
tinguish an acceptor-like deep level from a donor-like
deep level using measurements of thermal-emission
and capture cross-sections. Using the measured
emission-capture cross-section ratio, the theory also
describes the magnitude of the lattice distortion around
an impurity atom before and after the capture or emis-
sion of an electron or hole at the impurity center. These
studies are continuing.

36



E. CELLMEASUREMENTSOFIMPURITYEFFECTS

Thepurposeofthisprogram,investigatedby
SolarexCorp.underJPLContract955307,wasto
obtaindataconcerningeffectsof impuritiesonperform-
anceofsolarcellsfabricatedandmeasuredbyacom-
mercialcellmanufacturer.Toensurethevalidityofthe
overallconclusionsoftheTaskprogramontheeffectsof
impurities,theseseparatelydetermineddataandconclu-
sionswerecomparedwiththeinformationsecuredby
WestinghouseandMonsanto.Thecellswerefabricated
andanalyzedusingaerospacetechnologyandquality-
assuranceprocedurestoensurethatmeasuredvaria-
tionsofcellperformancewerecausedbyimpurity
effects.Waferswerepreparedfromdeliberatelydoped
Czsingle-crystalingot&Cellsfabricatedfromuncon-
taminatedsemiconductor-gradesiliconwereusedas
verificationcellstoestablishthebaselineprocess,as
monitorcellstoestablishacleanprocessingsystem,
andascontrolcellstocorrelateperformancemeasure-
ments.Thesecellshadaverageairmasszero(AM0)
efficienciesofnearly13% at 25°C. No cross-contami-
nation of control or monitor cells was observed. Per-

formance degradation in the test cells principally was
caused by impurity contamination, and a definite
dependence on concentration was observed for some

impurities. Additive effects for more than one impurity
were seen. Performance degradation, even at the very
low concentrations of 0.033 x 101 5, 0.4 x 1015, and
0.008 x 1015 atoms/cm3, was caused by Ti, V, and Ta.
Cell performance seemed relatively insensitive to the
presence of Cu, C, Ca, Cr, Fe, and Ni. These results

generally verified the measurements performed by
Westinghouse on the same materials.

F. CELL MEASUREMENTS OF IMPURITY EFFECTS

The purpose of this program, conducted by Spec-
trolab, Inc. under JPL Contract 954694, was to obtain

data on the effects of impurities on performance of solar
cells fabricated and measured by a commercial cell
manufacturer. To ensure the validity of the overall con-
clusions of the Task program on the effects of impuri-
ties, these separately determined data and conclusions
were compared with the information secured by West-
inghouse and Monsanto. Using conventional aerospace
process technology for solar-cell fabrication, 63 lots of
wafers from single-crystal ingots deliberately doped
with impurities were studied. The silicon sources were
Dow Coming-Westinghouse crucible-grown silicon,
Monsanto crucible-grown silicon, and Monsanto FZ sili-
con. In the measurement procedure, quality control was
monitored, and cross-contamination was prevented.
Cell performance was determined by electrical and

spectral measurements. Except for one case, the prop-
erties of cells within each impurity concentration group
were extremely consistent electrically and spectrally.
There was good correlation between electrical outputs
and spectral response data. Elements that caused
decreases in efficiency were AI, Cr, Fe, Ni, Ti, V, and
Zr. For the last three of these elements, concentration
levels below 1013 atoms/cm3 appreciably affected effi-
ciency. In many cases, because more exact concentra-
tion data were not available, performance losses could
only be related to impurity limits. Less than 10% effi-
ciency degradation occurred at the concentrations used
for Mn, Mg, C, and Na. There were tentative indications
that the presence of Cu ameliorates the effects of other
impurities. The result generally verified the measure-
ments performed by Westinghouse on the same
materials.

G. COMPOSITION MEASUREMENTS BY
ANALYTICAL PHOTON CATALYSIS

The object of this research, carried out by
Aerospace Corp. under JPL Contract 955201, was to
assess the applicability of the photon catalysis tech-
nique for composition analyses of silicon samples. The
technique was evaluated both as a detector and as a
concentration measurement technique for AI, Cr, Fe,
Mn, Ti, V, Mo, and Zr impurities. The best fluorescence
lines to monitor were established, and initial sensitivities

for each of these elements were determined by atomic
absorption calibrations. In the course of these tests,
vapor-pressure curves for six pure substances were
mapped. The detection of these impurities in silicon
matrices was studied. The evaporation process was
shown to be congruent. Thus, the spectral analysis of
the vapor yields the composition of the bulk sample. In
addition to the data acquired in doing these mainline
tasks, much ancillary information was obtained. Emis-
sion signatures were determined for several additional
elements: As, Bi, B, Ca, Cu, Ga, Ge, Mg, Na, P, and
Pb. Ionic emission lines for Ca and Mg were determined
to be useful for analysis. Pulsed sample introduction
was examined, and it was found that as little as 1 nano-
gram of Pb is detectable in a single shot. The conclu-
sion reached from these studies was that the photon
catalysis technique is suitable for the bulk analysis of
solar-grade silicon. The ancillary data also suggest that
gaseous feedstocks in the form of metal hydrides can
be analyzed by this technique and that pulsed sampling
techniques are compatible. This last conclusion sug-
gests the possibility of developing a surface-analysis
instrument by combining laser microprobe and photon
catalysis technologies.
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The research program conducted in the JPL
laboratories was patterned after the Silicon Material
Task program. Thus, one primary section investigated
reactions and reactor technology for low-cost polysili-
con processes, and the other characteized the effects
of impurities on the properties of silicon materials. Chem-
ical engineering studies were directed toward research
involving a silicon deposition reactor for the silane pro-
cess. Thus, this research was complementary to the ef-
fort on the development of this reactor under the JPL
contract with UCC. Research on impurity effects was
done in collaboration with similar studies being con-
ducted under JPL contracts, especially those with West-
inghouse, Monsanto, and C.T. Sah Associates.

A. SILANE DEPOSITION REACTOR
INVESTIGATIONS

The JPL chemical engineering effort was limited to
studies of chemical reactors suitable for the conversion

of silane to silicon. This was a consequence of early
conclusions of the Silicon Material Task that the silane

process had a high probability of achieving the Task
goal and that the development of a deposition reactor
for the silane process would be a formidable problem.
Three types of reactors were studied: the FBR, the
FSR, and the silane-to-molten silicon reactor (SMSR).
The most intensive effort involved the development of
the FBR.

The FSR was the reactor of first choice by UCC, and
its development was emphasized in the early period of
the UCC contract. At JPL, research on this type of reac-
tor was carried out using the CFP (Figure 12). In this
reactor, auxiliary flows of H2 through the upper reactor
wall and through the heater element were intended to
prevent silicon deposition on the walls. In conjunction
with experimental studies, a theoretical analysis was
formulated to provide a quantitative description of the
kinetics of the heterogeneous pyrolysis of silane at
relatively low temperatures. The proposed mechanism
involved a sequence of homogeneous gas-phase reac-
tions, the coagulation of particle clusters, and the decom-
position of silane on the clusters. The large surface area
necessary for heterogeneous pyrolysis is provided under

conditions in which rapid generation of very small parti-
cle clusters occurs. The kinetics of silane decomposition
are rapid enough, even at low temperatures, to give
practical production rates. Analytical treatment yielded a
general equation for heterogeneous pyrolysis and a
specific equation for the conditions of a FSR.

The influences of temperature (800 to 850°0) and
silicon seed particles on the formation and growth of
silicon particles from silane pyrolysis were determined
in a brief experimental study. Conditions of gas flow,
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Figure 12. JPL CFP Reactor

pressure, and silane concentration (4%) were kept
constant. Using SEM descriptions of the particles, it
was concluded that no CVD took place on unheated
seed particles introduced into the system. The main
product was a fine powder (about 0.1 y.m diameter)
formed by homogeneous gas-phase nucleation. Some
dense, thin deposits also formed on the hot reactor
surfaces by CVD.

The experimental results were described mechan-
istically using a general concept in which successive
gas-phase reaction steps occur. A correspondence
was shown between the model and the experimental
results, because the values of experimentally obtained
reaction-velocity constants and surface-reaction effi-
ciency seemed to support the mathematical model.
Other models of the overall mechanism, however, may
be as valid. This work was terminated in favor of

emphasis on the development of the FBR for the
silane process.

The laboratories of UCC and JPL carried out col-

laborative efforts to develop FBR technology for the
silane-pyrolysis system. The effort at UCC dealt mainly



withtheobjectiveofdefiningreactordesignandcondi-
tionsforsteacjy-st._te,_ng_termoperationatsilane
concentrationsofabout20%inH2thatwerecom-
mensuratewithsuitablesiliconyieldinasatisfactory
form,high-massthroughput,andacceptableproduct
purity.TheeffortatJPL,however,wascenteredon
obtainingadescriptionofthesilane-to-silicondeposi-
tionprocessinaFBRunderconditionsofveryhigh
silaneconcentrations,including100%.TheJPL
researchalsofocusedondevelopingthemeansfor
thepreparationofsuitablypureseedmaterialandfor
reducingthelossofsiliconbecauseoftheformation
andelutriationoffineparticles.Considerablediffer-
encesinreactordesignandoperatingconditions
resultedfromthedrivesto achievetheseseparate,but
complementary,objectives.

TheFBReffortatJPLprecededtheUCC
research.TheJPLteambeganplanninganin-house
programearlyin1976,afterit concludedthata low-
costsilane-to-siliconprocesscouldnotbesecured
usingaSiemensCVD-typereactorasthepyrolysis-
depositionreactorandrecognizingthatthedevelop-
mentofadifferentreactorwasaformidabletechnical
task.Preliminaryanalysesofthecharacteristicsof
silanepyrolysis,ofamodelfora silane-FBRsystem,
andofadevelopmentprogramplanwerediscussedin
February1976.Theplanoutlineda1-yearstudyand
containedworktasksforachemicalreactionanalysis,
reactormodeling,cold-flowfluidizationexperiments,
andchemicalengineeringstudieswithsmalldiameter
FBRs.

ThefirststepoftheFBRdevelopmentprogram
wasto performa seriesoftheoreticalstudiestomodel
thereactorin thesilanereactionsystem.Thepurpose
wasto provideanoutlineforaresearchplanandthe
basisfortheinterpretationofthedatatobeobtainedin
theexperiments.

Thefirstphaseofthemodelingeffortwasdescribed
inJune1977.Althoughmasstransport,particlegrowth,
andfluidized-bedbehaviorwereconsidered,thepathof
homogeneousgas-phasereactionswasneglectedinfavor
ofsoledependenceonaheterogeneoussurfacereac-
tion.Theinappropriateuseofthisandotherassumptions
waspointedoutinareviewofthemodelbyaconsul-
tant,ProfessorT.FitzgeraldofOregonStateUniversity.
Thismodel,however,servedasastartforrefinements
basedonanalysesofexperimentaldata.

Integratedmathematicalmodelsweredeveloped
to describesiliconparticlegrowth.Theassumption
wasthatparticlegrowthwasthedirectresultof
heterogeneousdeposition.Thedepositingparticles
resultedfromasequenceofgas-phasereactionsform-
ingsiliconnucleiandthenof theclusteringofthe
nucleiintoverysmallparticles.A diffusionaIgrowth
mechanism,usedasthebasisforthemodel,empha-
sizedtheneedforrigorousexperimentalinformation
regardingthemechanismsandkineticsofsiliconparti-

clegrowth.Theconclusionsfromthesestudiespro-
videdanimpetusfortheuseofexpandedsetsofoper-
atingconditionsforanexperimentalreactor.Later,
coupledwithexperimentalresults,themodelsprovided
thebasisforrevisedconceptsofthegrowthmechanisms
intheFBRsystem.

ThefirstFBRexperimentsweredoneina 1-in.-ID
reactor,althoughthenarrowreactorwasill-suitedfor
theexperimentsbecauseit precludeda well-ftuidized
bed.Theobiectivewastodeterminewhetherreason-
ableconcentrationsofsilanecouldbeusedwithout
generationoflargeamountsoffineparticles,anunde-
sirableconditionforFBRoperation.Thelimitingsilane
concentrationof1%underepitaxialdepositioncondi-
tions,whichhadbeencitedina previousstudy,was
surpassedintheseexperimentsthatusedconcentra-
tionsupto 15%silaneinH2.Thetemperaturerange
was550to 700°C,andfine-particleformationwas
2%.Thesepreliminaryresults,albeitobtainedina
reactorthatwasnotperforminginawell-bubbling
fluidizedmode.gaveindicationsthatareactorcould
berunwith> 10%silaneconcentrations.A concen-
trationof10%wasamilestone,becauseaneconomic
analysishadindicatedthatat 10%silaneanFBR
wouldhavethehighthroughputandlowenergy-use
attributesnecessaryforreachingtheTaskeconomic
goatusingthesilaneprocess.

Thenextexperimentalstudy,usinga2-in.-IDreac-
tor,wastoestablishawindowforreactoroperationto:
(1)studytheeffectsoftemperature,concentration,
flowrate,andpressure;(2)relateexperimentalcondi-
tionstotheproblemsofdustformation,clogging,and
bedslugging,and(3)todevelopandtestequipment
andinstrumentation.Thiswasintendedto providethe
descriptionoftheoperatingconditionsfora6 in.FBR
studythatwastofollow.A recurrentproblemwasthe
formationofclogswhichpreventedproperoperation
ofthereactorandforcedcessationof runs.Theloosely
boundtypeofclogappearedinregionsofthebedthat
didnothavegoodfluidization.Thedenseclogsseemed
to betemperaturedependent,occurringmainlyin
regionsbetween650and700°C,probablyasaconse-
quenceofthesinteringoffineparticles.Inadequate
fluidizationalsowasbelievedtobeinvolved.Two
formsofsurfacedepositionwerefound.At tempera-
turesbetween500and600°C,thedepositswerefairly
denseandgranular.Athighconcentrations,flocswere
observedonthesurface.Hightemperaturesproduced
a nodular,densegrowthand,insomecases,fine
fiberswerefound.Submicronfineparticlesof0.2to
0.8mmdiameteragglomeratedintolargemasseswere
foundtoincreasewithconcentration.Theseexperimental
resultsledtointensifiedeffortstodetermineconditionsto
eliminatecloggingandto keepfineparticleformationtoa
minimum.

Continuedstudieswiththe2-in.-IDreactorrevealed
thatcloggingcanbeavoidedbykeepingthegasvelocity
greaterthanU/UMF= 8at 10%silaneinH2.1Com-
pletesilanepyrolysisoccurredinthetemperature

1Definitionof U/UMF-- actualgasvelocity/gasvelocityforminimumfluidization.
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rangeof680to 720°Cforconcentrationsupto 15%,
and no excess elutriation of fines occurred with veloci-
ties as high as U/UMF = 12. This was the first evi-
dence that a scavenging mechanism for the removal
of the fine particles by the large seed particles could
be involved. The scavenging action is facilitated by the
proper design of the distributor plate and the position-
ing of the temperature zones. Tiny gas bubbles formed

by the grid enable efficient heat transfer and ready
capture of the clusters by the seed particles. A suffi-
ciently high temperature just above the grid allows the
complete decomposition of the silane near the grid
and a long residence time for capture. (The deliberate
removal of fine particles by using a FBR had already
been reported for other systems.) Based upon further
observations from SEM and density measurements of
dense depositions, a particle growth mechanism was
proposed involving the combined actions of CVD and
scavenging of fines. The study with the 2-in.-ID reactor
provided information for the operating conditions for a
larger silane-FBR. Also, short runs using silane concen-
trations ranging from 20 to 100%, gave encouraging
results that high silane concentrations were usable with-

out causing the formation of unacceptable amounts of
fines. Some difficulties in fluidizing the 2-in.-ID reactor
remained, however. A 6-in.-ID reactor was designed and
fabricated based on the analysis that data obtained from
a 6-in. reactor could more surely be used for evaluation,
optimization, and scale-up design. The study using the
2-in.-ID FBR was summarized in December 1978.

A 6-in.-ID FBR was used in the third phase of this
research (Figures 13 and 14). The first objectives
were:

(1) To design a cooled distributor plate to main-
tain operating conditions necessary to prevent
silane decomposition in the distributor by con-
trolling the plate temperature to < 400°C con-
currently with a bed temperature of 650°C.

(2) To determine the feed-concentration limit and
the operating conditions for dense, coherent
particle growth and minimum fine particle for-
mation.

(3) To obtain kinetic data to be used for formula-
tion of a model for the deposition mechanism
and the operation of the FBR. After a series of
modifications to obtain effective cooling of the
plate and adequate heating of the bed, the
reactor was shown to operate satisfactorily
without episodes of clogging or plug forma-
tion. In the final design, the stainless steel
6-in.-FBR was 48 in. high, had a 24 x 24 in.
expanded head, and used one or two layers of
325 mesh stainless steel screen supported by
a perforated plate as the distributor plate. The
plate was water-cooled to maintain its temper-
ature below 350°C to prevent silane decom-
position in and clogging of the pores of the
grid. The 650°C reaction zone starts at about
3 in. above the plate. To maintain a constant
bed height, product removal was done by using
a fluidized tube attached to the bottom of the
reactor.
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A seriesofexperimentalruns,conductedforbmes
rangingfrom30mintoabout3h,demonstratedthe
capabilityof efficientlyconvertingsilanetosilicon
depositedinthebed.Theserunsinvestigatedtheeffects
of parametricchangesandreactormodificationsand
werethusnecessarilylimitedintime.Suitabilityofthe
reactordesignwasdemonstrated,becausetheexperi-
mentswereathighsilaneconcentrationsandnoplug-
gingoccurrednorwereexcessfinesproduced.The
silaneconversionefficiencywasessentially100%
whenthebedtemperaturewaskeptat650°C.More
than90%of theproductsiliconwasdepositedinthe
bed,andthelossesbyelutriationoffinesrangedbet-
ween6 and10%forhighsilaneconcentrations
(including100%).Themaximumsiliconproduction
ratewas3.5kg/hfora3-h-runusingaSill4feedcon-
centrationof 80%anda U/UMFof 5.0.A product
removalrateof 3kg/hwasdemonstrated.Despite
thesesuccesses,thedualobjectivesofdemonstrating
atechniqueforproducingpure,suitablysizedseed
particlesandofobtaininga highpurityproductwere
notachievedinthisseriesofexperiments.Thefinal
phaseoftheJPLeffortcenteredonthesetwo
objectives.

Theneutronactivationanalysis(NAA)dataforthe
chemicalcompositionofthebedparticlestakenfrom
theUCCFBRandtheJPLFBRshowedheavycon-
tamination,especiallybytheelements-of-construction
ofthereactors.Theratiosoftheconcentrationsofthe
mainelementsofthereactors(Fe,Cr,andNi)were
nearlyreplicatedin theratiosof theconcentration
measurementsofthebedparticles.

Twowayswereconsideredtopreventtheintro-
ductionof wallmaterialintothebed.Insertionofabar-
rierlinerwaschosenforimmediateexperimentaltrial
ratherthanthealternativeoffabricationandinstru-
mentationofanentirereactorcomposedofarelatively
impurity-freematerial,suchasquartz.

Acriticalreviewoftheproblemandtheproposed
solutionwasheldatJPLinMarch1984.Dr.J.Routbort,
anexpertinabrasiontechnologyfromtheArgonne
NationalLaboratory,andDr.T.Fitzgerald,anexpertin
fluidized-bedtechnology,wereconsultantswhojoined
theFBRteamsof UCCandJPLinthereview.The
likelihoodofabrasiveactionbysiliconparticlesand
theprobablerateofabrasionofthereactorwallswere
discussedinthecontextofthedesignsandoperating
conditionsofthereactors.Theerosionratesforliners
fabricatedfromsiliconandquartzwerecalculatedby
Dr.Routbort.Usingthesetofworstoperatingcondi-
tionsdescribedbytheexperimentalteams,therate
was1.3x 10-7cm/sforasiliconliner,equivalenttoa
1700-hlifetimeofoperationassumingan0.8cmwall
thickness.Thelifetimeforaquartzlinerwascalculated
to be640hofoperation.Theseestimatesprovided
thebasisforconcludingthattheuseoflinerswould
probablybeeconomicallypractical.Experimentalpro-
grams,therefore,weretoconcentrateonestablishing
highpurityoperationwithliner-equippedreactors.

Thequartzliner,mountedwithaspeciallydesigned
seal,wasshowntomaintainitsintegritywithoutcollect-
inganysilicondepositionafter4hofoperationusing
silaneconcentrationsupto50%.Thesiliconmass-
balancedatawereverysimilartothoseobtainedprevi-
ouslywithouttheliner.Althoughthecompositionmea-
surementsbysparksourcemassspectroscopyindicated
thatallmetallicimpurityconcentrationswerebelowthe
detectionlimits,thedatadidnotyetestablishapurity
equivalenttosemiconductor-gradepolysilicon.

Concurrentwiththeexperimentsusingaquartz
liner,methodsweredevelopedusingajetmilling
deviceforproducingsuitablysizedseedparticlesfrom
polysiliconchunksandforcleaningthesurfacesof
theseparticles.Theseprocedureswereshowntobe
feasible,buta demonstrationofapplicabilityforlarge-
scaleproductionofcleanseedparticlesremainstobe
done.

TheJPLin-houseprogramtodevelopFBRtech-
nologyforthesilaneprocessendedinJune1985.A
finalreportonthelastphaseofthisworkwasissued
inApril1986.

Theobjectiveofdemonstratingtheproductionof
high-puritysiliconforlong-term,steady-stateoperation
wasnotattained,althoughconsiderableprogresswas
madetowarddevelopinganunderstandingofthe
depositionmechanismsoccurringat highsilanecon-
centrationsandtowarddescribingthereactordesign
andoperatingconditionsthatenabletheproductionof
suitablysizedparticlesathigh-throughputrates.This
finalstageofsuccesswillrequirecompletionof pre-
liminaryexperimentaleffortstoensurethislevelof
operation.TheuseofthemodeldevelopedatWash-
ingtonUniversityatSt.Louisshouldpermitawell-
designedexperimentalprogramandthebasisforthe
interpretationofdataforthedesignof acommercial
unit.WiththeendoftheJPLin-houseprogram,the
completionof thedevelopmentanddemonstrationof
thehighpotentialoftheSilaneProcessthatincor-
poratesFBRdepositionunitswilldependuponcom-
mercialindustrialorganizations.

B. SILICONMATERIALSRESEARCH

TheJPLSiliconMaterialsResearchLaboratory
carriedoutexperimentalresearchinvolvingtheeffects
of impuritiesonsiliconmaterialproperties,methods
formeasuringconcentrationsofimpurityelementsin
siliconintheppbarange,andtechniquesforconsolida-
tionofthesubmicrometersiliconpowderobtainedfrom
theoperationoftheUCCFSR.Researchonimpurity
effectswasdoneincollaborationwithresearchefforts
performedunderJPLcontracts,especiallythosewith
Westinghouse,Monsanto,C.T.SahAssociates,and
NorthrupResearchandTechnologyCenter.Measure-
mentsandthedevelopmentof specialmeasurement
procedureswereconductedundercontractsbyAero-
spaceCorp.,theNationalBureauof Standards,and
LawrenceLivermoreLaboratories.Theseweresupple-
mentedbyeffortsofthein-houseprogram.Inthesilicon-
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powderconsolidationwork,severalapparatusesfor
meltingthefinepowderweretriedwithvaryingdegrees
ofsuccess.

InsupportoftheTaskprogramdealingwithimpurity
effects,emphasisatJPLwasonthedeterminationsof
theenergylevelsandelectricalactivitiesassociatedwith
specificimpurities.Thethermallystimulatedcapacitance
(TSCAP)methodwasusedtogatherdataofemission
rates,energylevels,andtrapconcentrations.A major
advantageoftheTSCAPmeasurementsandofthe
closelyalliedtechniquesofvoltage-stimulatedcapaci-
tance(VSCAP)andlight-stimulatedcapacitance(LSCAP)
is theabilitytodetectsomeelementsnotmeasurableby
othertechniques.Tosecurethedata,greatcaremustbe
takento:

(1) Ensureaccuratecapacitanceandtemperature
measurements.

(2) Preparethediodeswithspecialattentionpaid
to methodsof preventingsurfacechannel
leakageandintersurfaceirregularity.

(3) Beespeciallydiligentintheresolutionofover-
lappingsignalsoriginatingfromtwoclosely
adjacenttrappinglevels.

AutomatedTSCAPandVSCAPtechniqueswere
introducedandusedtodetectelectricallyactiveimpur-
ity concentrationsof aslittleas1010atoms/cm3ina
substratehaving1014atoms/cm3concentrationof a
primaryimpurity.Thesedata,alongwiththoseobtained
undervariouscontracts,formedaninformationbase
usedtodevelopanunderstandingofthemajorphysi-
calmechanismsandchemicalreactionsinvolvedin
theeffectsofimpurities.

Besidesanalyzingthemeasurementtechniques
beingdevelopedandthecompositiondatabeing
gatheredundertheJPLcontracts,theeffortinvolving
impurityconcentrationdeterminationswasdirected

towarddevelopingproceduresandcapabilitiesofthe
Zeemanatomicabsorptionspectrometer.Thisinstru-
mentusestheZeemaneffectonaresonanttransition
tocorrectautomaticallyforbackgroundinterference.
Traceelementscanbemeasureddirectlywithoutthe
needforchemicalpretreatmentsof thesamples.

Inthecourseofthestudy,thecommercialHAD
ScientificZeemanSpectrometerwasmodified,using
newdesignsforthelightsourceandthehightempera-
turefurnace.Anopen-structuredinstrumenthadbeen
purchasedto permiteasymodifications.Also,a tech-
niquewasdevelopedforsamplingsubmicrometer
powder.Preliminarycalibrationcurveswereobtained
forCu,Fe,andCr.Extensiveworkisneededtoestab-
lishthecapabilitiesofthisinstrumentandtodetermine
thecalibrationcurvesforthediverseelements.

AlthoughtheFSRofferedtheadvantagesof 100%
yieldfortheconversionof silane-to-silicon,verylow
energyuse,andsimpledesign,theproblemremained
ofdevisinga methodfortheconsolidationofthesub-
micrometerpowderproduct.Effortwasdirectedtothe
developmentofthetechniqueofpedestalmelting,in
whichthepowderis introducedintoamoltensilicon
layeronthetopofaslowlymovingpedestal.There
waslimitedsuccessusingsmall-scaleequipment.
Whenthisworkwasterminated,theproblemofthe
formationofslaghadyetto beovercomeandanopti-
mumheatingprocedureremainedto beestablished.

InastudybyF.TsayandA.Bauman,transition
metalimpurities,whichhadbeenshownexperimentally
to actasminoritycarrierrecombinationcentersin
siliconsolarcells,werecharacterizedusingelectron
spinresonance(ESR).Impuritieswereclassifiedinto
fourtypesbasedonvalencestateandelectroncon-
figuration.A sequencethatrelatedto theobserved
decreasingcellperformancecausedbyimpuritieswas
foundto beconsistentwithincreasedoxidationstates
oftheimpurities.A modelwasdevelopedtoexplain
thiscorrelation.
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SECTIONVIII

Summary

A. TASK PROGRAM

The responsibility of the Silicon Material Task was
to develop processes capable of the large-scale pro-
duction of polysilicon, suitable for the fabrication of PV
solar cells for terrestrial applications, at costs commensu-

rate with a market price _<$10/kg (1975 dollars). To pro-
vide an information base for evaluating process purifi-
cation requirements and economics, the program con-
sisted of 11 process developments, of support activi-
ties in the areas of chemical engineering, economic
analyses, and material characterization, and of investi-
gations of the effects of impurities on the performance
of solar cells. Teams of scientists and engineers under
contract were involved in activities to develop new
processes, to generate chemical and chemical engi-
neering data, to elucidate material composition effects
on cell performance characteristics, and to solve a

variety of technical problems.

The plan for the process developments contained
elements for:

(1) Demonstration of the technical feasibility of
processes through experimental studies using
small-scale, primary process reactors.

(2) Experimental characterization of the operating
conditions of scaled-up process units and the
assessment of the production and economic
potentials of processes.

(3) Experimental determination of the conditions
for steady-state operation of integrated sec-
tions of processes (PDUs) with the objectives
of performing optimization analyses and pro-
cess engineering designs.

(4) Experimental establishment of the operating
capabilities of complete processes in EPSDU
by obtaining data for steady-state, near-
optimum production.

(5) Operation of large-scale production plants.
Several modifications of the Task program and
schedule were formulated to meet perceived
modified demands for polysilicon production
that were calculated from various DOE plans
for the PV solar cell industry. The basic pro-
gram leading to a large-scale production plant
in 1986 remained as the guideline, however,
until funding restrictions, beginning in FY 81,
forced the deletion of the phase for large-scale
production plants and limited the scope of the
entire program.

B. KEY ACCOMPLISHMENTS

The major success of the Task program was the
development of the silane production section of the
UCC Silane Process. The culmination was the demon-

stration of the steady-state, on-stream operation of a
lO0-MT/year EPSDU and then of the full-scale opera-
tion of a 1200-MT/year production plant (which was
done under UCC funding). The silane and polysilicon
products of this plant have been shown by analyses to
be purer than electronic-grade material from conven-
tional Siemens process plants. The silane-to-silicon
conversion units in this UCC installation are Siemens-
type CVD reactors, which are not capable of the high-
throughput, low-energy use operation needed to

achieve the low-cost goal of the FSA Project.

Based on the conclusion from a JPL chemical

engineering analysis in 1976 that FBR technology
should be the primary candidate for development into
a low-cost, high-throughput silane-to-silicon conversion
reactor, an extensive effort has been directed to this
objective. Collaborative R&D programs in the labora-
tories of JPL and UCC have provided an understand-
ing of the deposition-mechanism and have demon-
strated the feasibility of using an FBR at high silane
concentrations. At JPL, concentrations of 40 to 60 %

were usually used. In some runs, the concentrations

were 80 and 100%. The conversion efficiency was
essentially 100% with a 90% deposition in the bed
while limiting the loss of fine particles to less than

10%. The maximum production rate was 3.5 kg/h for
a 3-h run for a silane feed concentration of 80%. A

product removal rate of 3 kg/h was demonstrated.

The FBR development at UCC was directed

toward obtaining the basis for an engineering design.
Many long-term runs, ranging up to 80 h, were suc-
cessfully conducted using silane feed concentrations

between 20 and 25%. The deposition efficiency data
were approximately the same as obtained at JPL.

To facilitate technology transfer of the silane-FBR
technology, a description of the deposition, based on
experimental data, was developed at JPL, and a mathe-
matical model for the simulation of the silane-FBR was

developed under contract at Washington University at
St. Louis.

The technology for the silane-to-silicon FBR has

been markedly advanced, removing the prior restrictions
of very low silane use and prohibitively high fine-powder
formation for silane pyrolysis reactors. Coupled with
the highly successful large-scale demonstration of the

process for the preparation of very pure silane from
metallurgical-grade silicon, the silane-FBR should
enable low-cost silicon production to meet the Task
goal.
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Varying levels of technology maturity were obtained
in the other process development contracts of the Task.
The most successful of these developments have been
advanced further with non-Government funding. These

developments are:

(1) Dichlorosilane-CVD process by HSC. Superior

production capabilities for yield, deposition
rate, and energy use were demonstrated in
the Task program.

(2) Gas-Phase Sodium Reduction of Silicon
Tetrachloride Process by AeroChem Research
Laboratories. Continued development pro-

grams at AeroChem Research Laboratories
and Universal Silicon have resulted in con-

siderable progress toward the demonstration
of engineering feasibility.

(3) Carbothermic Reduction of Silica Process by
Dow Corning. Continued developments by
Elkem-Exxon, Solarex, and EIkem have led to

improvements.

(4) Sodium-Reduction of Silicon Tetrafluoride by
SRI International. Reported material and solar
cell data indicate improved product purity.

(5) Bromosilane Process by J.C. Schumacher.
Installation of a pilot plant and design of a pro-
duction plant were announced by Schumacher.

R&D efforts to develop fully these processes with
private funding show evidence of technology transfer
from the Task to industry.

Primarily under contracts with Westinghouse
Research Center and Professor C.T. Sah, the informa-
tion, conclusions, and models obtained in the studies
of the effects of impurities on solar cell performance
have provided the basis for correlations of different
solar-grade silicon materials with cell fabrication tech-
niques and with overall economics. These experi-
mental and theoretical results have been used world-

wide by groups developing polysilicon processes, by
commercial polysilicon producers, and by the solar
cell industry.

The main Task program was supported by diverse
contractual efforts involving: research laboratories,
universities, consultants for reactor research, chemical
engineering and economic analyses, impurity concen-
tration measurements, and in-depth process assess-
ments. The JPL group also was active in these techni-
cal areas. The information, conclusions, and innova-
tions derived in the Task program have had a world-
wide effect on R&D activities and polysilicon produc-

tion plans.

C. ECONOMICS

Economic analyses were important for evaluation
of the potentials of the process developments proposed
to achieve the Task cost goal. Independently of the
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development contractors, the most intensive analyses
were done by C.L. Yaws at Lamar University and later
at the Texas Research and Engineering Institute. The
results are shown in Table 6. For comparison, the Task

goal is $18.60 (in 1985 dollars).

More mature calculations, reflecting both technical
advances that have been made and revisions in line-
item costs, are given in Table 7. (The difference in the
results are mainly because of the disparate power rates
used.)

The most recent UCC estimate (in 1985 dollars) for
the conversion of silane-to-silicon by FBRs is based upon
the use of four quartz-lined, 124n.-diameter FRBs in a
1000-MT/year plant. The calculation yielded an incre-
mental product cost of $6.10/kg of silicon and a price at
30% discounted cash flow of $10.26/kg silicon. The
plant requires a total investment of $7.2M and an annual
operating cost of $5.53M for the FBR section only.

Table 6. Analyses from Two Final Reports Written by
C.L. Yaws, February 1981 and July 1982

Process

Sales Price

Product Cost $/kg
$/kg (1985 Dollars)

(1985 Dollars) 20% ROI

Sill 4 FSR 12.85 20.08

Zn-SiCt 4 FBR, Case A* 16.07 25.94

Zn-SiCt 4 FBR, Case B* 14.72 22.88

SiHCI3-CVD (Siemens) 71.51 --

SiH2CI2-CVD 30.12 50.27

* Cases A and B differ in the size and number of

electrolysis cells.

Table 7. Analyses Presented at FSA Project
Workshop on Low-Cost Polysilicon for
Terrestrial Photovoltaic Solar Cell

Applications, October 1985

Sales Price

$/Kg
Product Cost (1985 Dollars)

Process (1985 Dollars) 20% ROI

SiH4-CVD 24.64 a 33.40 b 52.33 a

SiHCI3-CVD (Siemens) 29.49 a 32.20 b 55.05 a

SiH2CI2-CVD 19.48 a 31.35 b 34.82 a

SiH4-FBR -- 21.60 b --

aAnalyses by Professor Carl Yaws, Lamar University.

bAnalyses by Dr. Y. Shimizu, Osaka Titanium Corp.

To obtain an estimate of the overall product cost,
these data were combined with the early economic

analysis prepared by Lamar University investigators



(seeSectionV.D.).TheLamaranalysiswasmodified
bythedeletionofthecostsfortheconversionofsilane
to moltensiliconintheprocessthatusesFSRs.A
calculation,usingtheUCCsilane-to-siliconFBRdata
andthemodifiedLamaranalysis,resultsinestimated
overallproductcostsof$8.73/kgsilicon(1.975dollars)
and$16.05/kgsilicon(1985dollars).Thecorrespond-
ingpricesthatincludea20%ROIare$13.66and
$25.13/kg,respectively.Itmustbekeptinmindthat
thesefiguresarenotexact,butarethemostrecent
preliminarychemicalengineeringestimateswitha
rangeof about_+_25%.

D CURRENT STATUS OF POLYSILICON PROCESS
TECHNOLOGIES DEVELOPED IN THE TASK

The technology for the conversion of metallurgical-
grade silicon to very pure silane in a closed-cycle pro-
cess, developed under the Task program, has been fully
demonstrated by operation by UCC of the Silane Pro-

cess EPSDU and the 1200-MT/year production plant.
The Task goal for low-cost polysilicon, however, cannot
be achieved in this plant that uses CVD silane-to-silicon
conversion reactors. The experimental database remains
to be completed for the engineering design of an FBR
that has the required throughput and purity attributes.
Continued development of this FBR is underway with
corporate funding at UCC.

Other process developments, carried to various
levels of maturity in the Task program, showed promise
of success and have been continued with private fund-
ing. These are the processes developed under contracts
with Dow Coming, AeroChem Research Laboratories,
SRI International, HSC, and J.C. Schumacher. Descrip-
tions of the technical status of these extended develop-
ments remain proprietary, although some information
regarding product purity and production plans has been
provided.

Efforts for the determination of the effects of
impurities on material properties and solar cell

performance were conducted primarily by the West-
inghouse Research Center and Professor C.T. Sah of

the University of Illinois. These efforts provided an
extensive information and model basis usable for

calculations and analyses. These have been valuable
to polysilicon process developers, polysilicon pro-
ducers, and solar cell manufacturers. Recent studies

by other groups dealing with the effects of impurities
on high-efficiency cells have extended this work.

E. TECHNOLOGY REQUIRED TO ACHIEVE THE
TASK GOAL

Consideration of the technology required to
achieve the Task goal is limited to the UCC Silane Pro-
cess. For this process, development must be com-
pleted of a silane-to-silicon FBR that has the high-
throughput capacity necessary to render the Silane
Process capable of meeting the Task goal. Although
considerable progress has been made by extensive
studies in the JPL and UCC laboratories, several tech-

nical objectives must be achieved to obtain an eng-
ineering design for an FBR capable of long-term,
steady-state, high-volume operation producing semi-
conductor-grade silicon granules. The most difficult
objective is the establishment of product purity. Effi-
ciency must be demonstrated of a reactor material or
a reactor liner that can prevent the contamination of

both seed particles and product. Capability for long-
term, steady-state, high-throughput operation, while
yielding pure polysilicon, also remains to be firmly
established. The Task goal will be achieved when an
analysis of the data for the operation of an integrated
silane-FBR process shows the ability to produce suit-
ably pure polysilicon at a product cost commensurate
with the Task price objective.
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APPENDIX B

Glossary

AMO

BSF

Caltech

CFP

CSTR

CVD

Cz

DCF

DOE

EPSDU

ERDA

ESR

FBBR

FBR

FSA

FSR

FZ

HSC

HTFFR

ID

Isc

air mass zero

back-surface field

California Institute of Technology

continuous-flow pyrolyzer

continuous stirred-tank reactor

chemical vapor deposition

Czochralski

discounted cash flow

U.S. Department of Energy

experimental process system
development unit

Energy Research and Development
Administration

electron spin resonance

fluidized bubbling-bed reactor

fluidized-bed reactor

Flat-Plate Solar Array (Project)

free-space reactor

float-zone

Hemlock Semiconductor Corp.

high-temperature, fast-flow reactor

inside diameter

short-circuit current

JPL

LAPP

LSCAP

LSSA

mgSi

MIT

NAA

PCD

PDU

PSDF

PV

R&D

ROt

SEM

SMSR

SRI

SSPC

TSCAP

UCC

Voc

VSCAP

WBS

Jet Propulsion Laboratory

Low-Altitude Plume Program

light-stimulated capacitance (method)

Low-Cost Silicon Solar Array (Project)

metallurgical-grade silicon

Massachusetts Institute of Technology

neutron activation analysis

photoconductivity decay

process development unit

Process System Development Facility

photovoltaic(s)

research and development

return on investment

scanning electron microscope

silane-to-molten silicon reactor

Stanford Research Institute

steady-state photoconductivity

thermally stimulated capacitance (method)

Union Carbide Corp.

open-circuit voltage

voltage-stimulated capacitance (method)

work-breakdown structure
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More Technology Advancements

Dendritic web sificon ribbons are grown to solar-cell

thickness. Progress is shown by experimental ribbons

grown in 1976 and 1978 and a ribbon grown in a

Westinghouse Electric Corporation pilot plant.

'_% ..J

The edge-defined film-fed growth silicon ribbons are

grown to solar-cell thickness. A DOE/FSA-sponsored
research ribbon grown in 1976 is shown next to a

nine-sided ribbon grown in a Mobil Solar Energy

Corporation funded configuration.

1980

INGOT GROWN
USING SILICON MELT

REPLENISHMENT

1968-73

Czochralski silicon crystals as grown are

sawed into thin circular wafers. (Support for

this effort was completed in 1981.)

GLASS )STRUCTURAL)

_---I=,- I • SPACER

POTTANT

::_:=_ S O L A R CELLS
INTERCONNECTED

SPACER

POTTANT

GASKET BACK COVER FILM

(COMPOSITE)

Typical superstrate module design is shown with the

electrically interconnected solar cells embedded in a

laminate that is structurally supported by glass.

Materials and processes suitable for mass production

have been developed using this laminated design.

Prototype modules have passed UL 790 Class A

burning brand tests which are more severe than

this spread of flame test.
A 15.2% efficiency prototype module (21 x 36 in.)

was made by Spire Corp. using float-zone silicon

wafers. Recently, similarly efficient modules were
fabricated from Czochralski silicon wafers.



Photovoltaic Applications

1975

U.S. Coast Guard buoy

with photovoltaic-powered

navigational light.

Later...

Photovoltaic-powered corrosion protection
of underground pipes and wells.

House in Carlisle, Massachusetts, with a 7.3-kW

photovoltaic rooftop array. Excess photovoltaic-

generated power is sold to the utility. Power is

automatically suppfied by the uhlity as needed.

1985

A 28-k W array of solar cells for crop irrigation

dur,'ng summer, and crop drying during winter

(a DOE/Umversity of Nebraska cooperative project)

12 MW of #hotovoltaic peaking-power generation

ca_)a(::ity for the Sacramento Municipal Utility District

(The 8 x !6 ft panets are mounted on a north-south

axss for tracking the sun)


